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NASA HOST PROJECT OVERVIEW

O.|. bkolomkl
Nition_!Aeron4_icl ,n_$i_(_ Adm[niltrel;on

bmwilRe_ar_ Center
C!evelmn_.Or_lo

XNTR_CTICN

Since IntroDuction of the gas turbine engine to
aircraft oropuls'on, :he ouest for greater oe'fomance
has resultec in a continuing u_ward trend in overall

pressure ratio for the engine core, Associated wlth
this trend are increasing temperatures of gases
?lowing _rom the cotto°essorand to(rbusto,an= through
the tu-blne. For c<_nnercialaircraft engines In the
foreseeable future, co_prossor discharge temperature
will e_ceed g22 K (120¢ "F), while turbine inlet te_-

peratdre wlll be approx'mately I?55 K (2?00 "Ft. Mll-
teary alrcra?t engines w111 slgnlficantiy exceed these
values.

Increasing f,e' prices, especially stnce 1973.
have created the :enand ?or energy Corse°re:ton and
_ore ?uel efficient aircraft engines. In response to
this _e_anc. engine manuf3cturers continually increased
the _e°formance of the current generat10n of gas fur-
bl_e engines. Soon afterward, the atrllne industry

began tO experience a notable decrease tn durabillty
or useful life of critical pa t_ in the engine core
hot section -- the c¢_nojstorand turbine. ThlS was
due prlmarlly _o c_ac_Ing In the cc_bustor 11ners, tur_
blne vlnes, ann turbine bl_des. In addltlon, s_alllng
of thermal barrier coatings that protect so<n_ccwnhus-
tot ltners was evident.

For the alrllPes rlUuced durablllt_ for In-service
engines was _asured by a dr3)atlc increase in malnte-
nance costs, prl.arily _or high oypaSs ratio engln_s.
_Igher rn_Interance costs were es_eclally evident In the
hot section. As s_wn by Dennis and Cruse tiP?g), hot
section maintenance costs account for almost 60 percent
of th_ e_glne total. Nldes_read c_ncern cbout such
soaring mcintenance costs led to m nay _emand -- to
Imo-ove _ot sect(on durability.

OuraMIIty can be ImproveO In hot section compo-
nents by using any comolnetlon of the fol;owln) four
approaches, They are :he use of (1) materlais having
_igher use temperatures. (_) more effective CQQIInQ
technluues to re=uce material terpnratures, (3) advan-
ced structural design concepts to reduce stresses, ,n_
(4) _re accurate analytical _0els and co_)uter cc_Ues
In th_ design analysl_ process to tder,tlfy hot spots,
htgh _tresses, etc.

Mtgh temperatbre metallic materla_s currently
include nlc_el- and cobalt-Paged superalloys. Certain
elements of these alloys, such as cobalt, are tn sho-t
supply and are expensive. Hays for reUuclng these
alloylng elemerts were presented oy Stephans (;g82).
In addition, advanced high temperatJre su)e_alloy com-
ponents also Include =trectionally solidtftea, single
crystal, and oxide-dispersion-strengthened materials.
Development time for new _aterlals Is lengthy, faOrlca-
tlon is sometl_es difficult, and again costs are blgh.
Thus. successful use of _hese materials reou#res ) =el-
ance among design requirements, fabrication possibili-
ties, and total _Osts.

Current cooling techniques tend to be SOph'stl-
cased; fabrication is r_derately difficult. ;r higher
pe-for)ance engineS, Cooling capab'llty _ay be _mproved
by increasing the a_ount of coolant. There ts a pen-
alty for doing this, however, in the reduction of ther-
m_dynamlc cycle performance of the engine system. In
addltlon, the coolant temperature of such a_vanced
engines is higher tPan that ?or cu.rent In-servlce
engines. Consequently. more effective cooling tech-
niques are being investigated. They are generally
more complex In design, demand new fabrication meln-
ods, end may require a multltude of s_al+ fllm-cool!ng
nole_, each of which introduces potential llfe-ilmltlng
hlgh stress concentrations, Acceptable use of the
advanced cooling techniq_es requires accJrate .odels
for design analysis.

l_e Intr_uctlon of mdvanced structural design con-

capes usually beglrs wlth a preliminary corcepl tnat
then mjst be proven, must be develope¢, and -- _o_t
critlcally -* must be far superior to entrenched stand-
ard designs. Acceptance certainly Is time consuming,
and benefits must be slgnlf'canl. For _nproved dura-
bility in high Derformance Cornbustors, an excellent
example o? an _dvance= structural dealer concept is
the segmented liner as discussed by Tanfikut et el.
(1981). The llfe-llmltlng proolems associated wlth
hlgfi hoop stresses were eliminated by dividing the
standard fuel-hOOp 11nets into segments. At the same
tlme, daSlgn_r$ realIze_ 'ncreased flexibility !n the
ChoiCe of advance_ c_olt_g techniques and Materials,
Including ceramtc c(xnpo_ttes.



Ftnally, the design analysis of hot section cor_
nent parts, such as combustor liners or turbine vanes
and blades, involves the use of analytical or emplr-
$cal models. Such medals often are put into the form
of computer codes for predicting and analyzing the
aerotherm_1 environment, the thermomechanlcal loads,
and Nterlal and structural responses to such loading.
Hhenthe parts Ire exposed tO ¢ycltc high temperature
operation a¢ in a turbine engine, the repetitive
straining of the materials leads to crock Initiation
and propagation until failure or break-away occurs.
The useful life or au_abIltty of a part ts usually
defined as the numberof mission cycles that can be
accumulatedbefore Initiation an_ propagation of sig-
nificant cracks. Thus, designers need to predlct
useful "life" so they can design a part to meet
requirements.

Efforts to predict the ltfe of a part generally
follow the flow of analysesportrayedIn Fig. I. Zn
practice,designingof a part Such as a turbineblade
to meet a specified lifegoal may require a number of
iterationsthroughthe "LifePredictionSystem"of
rlg. I, varyingthe bladegeometry,materlal,or c_l-
tng effectiveness in each pass. until a satisfactory
life goal Is predicted.

Analyslsmodelsand codeshave frequentlypredicted
physicalbehaviorqualitativelybut have exhibited
unacceptablequantitativeaccuracy. To Improvepredic-
tive capability,researchersgenerallyneed (1) to
u_erstand and_l more accuratelythe basicphysics
of the phenomenarelated to tlurabtltty, (2) to empha-
size local as well as global conditions amd responses,
(3) to accommodatenonlinear and Inelastic behavior,
and (4) to expand so_ models from two to thr,e
dimensions.

Fortumately, at the tlme of donklnds for improved
_¢ sectlondur_btllty dran_tlc increases were occur-
rtng in mathe_ttcal solution techniques, electronic
computerrmmory, and ¢_ute_ computational speed.
The tlmewas ripefor significantImprovementsin ana-
lytlcalpredictivecapability.

OVERVZEHOF THEHOSTPROO[CT

To meet the needsfor Improvedanalytlcaldesign
and life pr_dlctlontools,especlallyt_se used for
analysisof'cyclichigh temperatureoperationIn
advanced co(d)ustors and turbines, the I_AS_Lewis
ResearchCenter sponsoredthe TurbineEngineHot Sec-
tion TeChnology(HOST)Project. The project was tnltt*
attd ln OctoOer 1980 and convicted in late lg67.

ST Pro)actdevelopedImprovedanalytical
modelsfor the aerothermalenvironment,the thermo-
aechanlcalloads._terlai behavior,structural
response,and lifeprediction,along with sophlsti-
catedc_uter codes, which can be used In design
analysesof criticalparts in advancedturbineengine
combustorsand turbines, More accurateanalytlcal
tools Niter ensure -- during the _esign process --
Improveddurability of future hot section engine
compcnants.

r h
_rlssing the comptexdurabilityproblemIn high
temperature ¢yclIcally cperated turbineenginecomPo-
nents requiresresearcheffortsin numeroustechnical
disciplines, In the HOSt Pro)ace slN disciplineswere
InvolveO: instrumentation, combpttton, turbtne heat
transfer,structural analysts, fatlgue anO fracture.
8rid surface prottctl0n, Thts Involvement _ss not only

throughf(_:used re_earchbut was sometime Interdlsci-
pllnaryand integrated.

_SI disciplinesIn the HOST Projectfolloweda
con_aonapproachto research, fIYst,phenomenarel_ted
to durabilitywere investigated,often usingbenchmark
qualityexperiments. Hith Knownboundaryconditions
and properinstrumentation,theseexparlmentsresulted
ina characterizationand betterunderstandlngof such
phenomenaas the aerotherm_ienvironment,the material
and structuralbehaviorduringther_mechanlcalload-
ing,and crack initiationand propagation.Second,
_tata-of-the-art analyticalmodels were !d,nttfted,
evaluated,and then improved_y _re inclusivephysi-
cal cc_slderatlonsand/or_re advancedco_putercode
development. Whenno sea)e-of-the-art _odels existed,
researchersdevelope= new_odeis. Finally, predictions
using the improvedana1_tlcaltoolswerevalidatedby
ce_arlson to exparlmentalresults,especiallythe
_nch_rk qualityuata.

_Illment of the HOST Pro)actob)ectlvewas

accomplishedthroughnumerousresearchand techno1_y
programs, _IOSTmanagementIssued contractsfor 40 sep-
arateactivities with prlvtteindustry,_st of vhlch
were multlyearand multiphased. In severalactlvlttes.
more than one contractorwas involvedbecauseof the
nature of the research and each c(mtractor's unique
quallficatlons.Thirteenmore separate activities,ere
conducted through grantswith universities.Finally,
at the NASA LewisResearchCenter,I? _)or efforts
w,ra supportedby the project. Tabl,I elsieall the
technicalactlvltlesconductedIn the pro)_ct.

TEChnOLOGYTP_SFER

lhe HOST Pro]actresearchactivitieswere usually
organized,Conducted,and reportedalong the a_ve
disciplinelines. Thts report is organizedaccord-
inglyand suamarlzesresear¢hresultsaccomplishedIn
the pro_ect.

Numerouspublications provide further details a_out
researchresultsfrom the HOST Pro:ect. Six annual
_rksh@S were conductedwlth conferencepro¢**dlngs
(T_r_)pe Engine Hot Section Techn.lqj._L_. lg82 through
1987)being provldeOfor each o_ch of the pro-
ceedingsgenerallycoy,reresearchresultsfor the pre-
ceding year. The la=t two proceedings also includeda
blbllograph3of definitiveresearchreports, Progress
In the developmentof advancedinstrumentationand in
the Improve_entof cor_bostoraorother_aland turbine
heat transfern_els was reportedby SOkOlowskiand
Ensign(1986). Finally,a ComprehensiveHbliography
of the _OST Pro_ectIs beingpreparedand Is scheduled
for publlcatl_nlaterthl$ year (.¢okolo_skl,1988).
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ADVANCED HIQH TEMPERATURE INSTRUMENTATION FOR HOT
SECTION RESEARCH APPLICATIONS

D. R. E_PlvndmadR. O. IWnflolSz
INValid Aoronav_-sendSpaceAdmhntsuat;on

I._ls Ruseerc5Center
_ve_mcl, Ohio

ABSTRACT

Programs to develop research lnstrumentatlon for
use In turbtne engine hot sections are described
These programs were Initiated to provt.de tmproved mea-
surements capablttty as support for a multtdlsctpli-
airy effort to establish technology leadlng to
Improved hot section durability. Speclflc measurement
systems described here Include heat flux sensors, a
dynamic gas temperature _easurtng systems, laser ant-
_try for hot sectton applications, an opttcal sys-
tem for viewing the interior of a cormbustor during
Operation, thin film sensors for surface temperature
and strain measuremnts, i_O high temperature strain
measuring systems. The paper _t!I describe the state
of development of these sensors and measuring systems
and. tfl so_e cases, will shay examples of measurements
mtde with this Instrumentation. The paper covers work
done at the NASA Lewts Research Center and at v_rtous
contract and grant facilities.

%NT1_OOUCTION

The Turbine [nglne'Hot Section Technology (HOST)
Progra_ was started b_ NASA in the late 1970's tn
order to develop technoloqy leadlng to improved hot
section durability. The progr_n was a multtdlsclplt-
_ary effort involving structures, SUrface protection.
fatigue, coed_ustton, heat transfer, and Instrumenta-
tion. The objective of the tnstrumenta¢Ion portion of
the progra_ was tO develo_ Improved masurnents capa-
bility to measure the environment wtthtn the hot
section end masure the response of hot Section ¢ompo--
nents to that Iml_sed environment. Znstrumnt develop-
=ant programs that resulted Included the following:

(1) 0evelogmsnt of sensors for masurlng the heat
flux on combustor liners and turbine airfoils.

(2) 0evelopmint of a system to mvesure the fluctu-
ating cOmpOnent of combustor extt temperature wlth a
frequencyresp_se to 1000 Hz.

(3) 0evmlo_ent Of laser anem_eter techniques for
appltcatlons In hot SeCtions.

(4) Oevelopment of an optical system for vie_tng
the tnter_or Of a C(XnbuStor during operation.

/ /

(5) Development of high temperature strain measur-
Ing s_stems.

]n addttton to this. a ameer effort was started
Just prior to the start of HOST to develop thin ftlm
sensors for applications tn hot sections, parttcularl_
for the masure_ent of turbine llrfoll surface tempera-
ture,

TMS paper will describe the stake of development
of these sensors and _easurlng systems and. In so_
cases, wtli Sh_ ex_ples of measurements made _tth
thls ne_ Instrumentation. The work described was done
at the NASA LO_Is Research Center end at various con-
tract and gren_ facllittes.

HEAT FUJX SENSORS

One of the important envlron_nt&1 parameters In
the hot section Is heat flux. The heat flu_ Is (me of
the vsrlabl.s In the heat b=lance equation _hlch estab-
11shes tile cooling requlrements and the anticipated
surface temperature O_ a hot section component. There
Is not sufflclent knowledge of heat transfer coeffl.
cleats under engine operatlng condition to permit pre-
dictlonof surface temperatures to .Ithln acceptable
accuracy. Thls Is especially true as heat fluxes
approach 1HHIm 2, %ntttal work was directed at devel-
oping sensors for use in ¢ombustor liners (Atktnson
et i1., 1983; _tklnson and Strange. 1982; Atklnson
et el.. 1985a). %n later work sensors were n_unted
tnto air cooled blades and vanes (Atktnson st el.,
1984: ktktnson et el., Ig88b).

SensOr _es_gns followed conventional concepts In
which the temperature difference proportional to heat
conduction through t_e sensor body 18 Hasured, Dtf-
ferentl_1 thern_couples _slng the sensor _ody mterlal
as part of the circuit were used to_asure the temper-
ature differences. Callbratlons (holanda, 1984) were
_ads of the thermoelectric I_tentiel of a number of
engineering alloys and these e_tablished the validIt_
of this approach, which COnSiderably slmpIIfled faOrl*
{at1_.

Figures I and 2 show the sensors that wsrm devel-
oped for combustor liners. The sensor tS Dullt Into a
_astelloy X dlsk 0.8 cm in dta_ter and the same thick-
ness aS the liner, After calibration of the sensor

II



the dls_ _; _elaed tnto I hole CJt 4n the 11nor. Fig-
ure I sho_ the embecged lhermocouple sensor. The
diSk IS grooveO so that O.ZS ml oulslde ota_eter
sheathed, silgle conductor thermo¢oup|e wlre can )l
lald Inlo The grooves ana covered wlth weld mterlal.
T)e !hermoco_ole wires are :SA Type K, Chromel-klu_ei,
_nd st_gle conductor leads are used sO aS tO _atntain
good 'nsulitlon resistance 0etween the wire end the
external nletal sneath. Grounded Alumel )unctions are
:teated on the _ot ano co]_ slde Of t_e $ersor oody
and a Chromel )unctlc_ Is alded to the cold side. A
voltage measurment _etween the Alumel leadwtres (i.e.,
using :_e klu_l-Hastelloy X-Alumel differential ther-
mocouple) provides the hot-lo-col_ side temperature
difference proDortional tO the one-dtmenstonil heat
flow through the sensor OOdy at that point. _ measure-
ment using the conventional Chro_el-Alume! thermocou-
pie provides the cold s_de _emperature o_ the sensor.

Figure 2 shows a Gardon Gage sensor. In this case
the sensor Oody has • I.S run diameter Cyltr(rtcat
cavity on the cold sloe so that a thln membrane Of
material Is left on the hOt side. Alu_el wires are
positioned so the )unctions are formed wtth the
Hastelloy X at the center of _e membrane an_ halfway
up the sldewall of the cavity. A Chr(_el wlre Junction
is also m_de on the sidewall of the cavity. After the
ther_ocouples are installed, the Cavity IS filled wlth
ceraaic ce_nt,

Sensors of the embedded thern_ouple and G_rdon
Gage types have also been built into air cooled blades
and vines. _n the case of turbtne blades, two-piece
blades were use= and the sensors were Installed from
the cooling passage side of the blade. The two blade
h&Ives were then _olned by brazing. In the case of
vanes, sect)ons of the vane we1| oppostte to the
desired sensor sties were re_oved and the sensors were
Installed through these "windows." Figure 3 depicts
:he tnst_ll_tlon process on a turbine vine.

T_e heir flux sensors.were calibrated over a heat
fl_x range _p to 1.7 _H/m_ and a temperature r_nge to
12SO K. The calibrations were aCComplished by Impos-
Ins a know radiant heat flux on the hot slde surface
of the sensor and flo_lng cooling alr over the Cold
stde surface. The hot side surface was colted with a
hlgh temperature black paint wlth a measured absorp-
fence and e_l)tance of 0.89 over t_e lest temperature
range. In =II cases the reference tempe_Itura was mea-
sured end used to estln_te the hot slde surface temper-
ature so that energy Delng radiated a_ay from the hot
surface could be calcula)ed and taken Into account.
Estimates of the convective heat flow fr¢_ the hot sur-
face were also made and used in the heat balance.

The heat flux sensor calibration systems used banks
of tungsten filament limps enclosed In quartz tubes is
heat flux sources; the _ost powerful Of these systems
provided heat fluxes up to 1.? NW_ c. The quartz lamp
rigs were capable of long tilne and cyclic operation at
reduced hilt fluxes. Thermal cycling and drift tests
were run on these _ensors using this capability.

Calibration end perforn_nce tests on heat flux sen-
sors have Indlcated that _easurements can be echleved
fairly readily on comustor liners, hut that accurate
me&surmounts on llrfoils ire difficult to &chleve.
_o_oustor liner measure_,nts have been made uoth at &
contractor facility ind at NASA Lewis using sensors
wnosi calibration uncertainty is wlt_In )S percent of
| nominal Full scale heat Flux of I _lm _. Figure 4
shows an instrumented ComOustor liner segllent.
figure S c_plre$ _tasured v_lues of heat fltsx con-
ducted through ¢ ¢ombustor liner and radiant flux Inci-
dent on the llner at different combustor p_essure
levels. The ra¢llnt heat flux was mleasuredwith a com-
_rclal radiometer. The co_bustor liner in this test

was the type with louver $1ps and bleed holes to pro-
vide ft_m cooll_g of the hot side surface. The data of
Fig. S indicate that there is significant convective
cooling of the ho_ side surface of the combustor.

_est results from sensors mounted in turbine air-

foil_ indicate tnat these sensors are sufficiently
sen_itlve to transverse gradients in halt flux and tem-
:e;'ature _nat aoplicattons in b/ides and vanes n_st :e
carefully evaluated. The greater complexity of the
airfoils (e.g., hlgh surface curvature an_ cooling pas-
sage s_ructure) causes mO,e severe gradients th_n were
encountered in com_us:or liners. Sensitivity to trans-
verse gr_dlents is especla!i_ apparent In the Gardon
gale sensor because of Its lack of syn_try.

DYNN4[C GAS TE_P[RATUR[ NEASURINGSYSTE_

Another tmoortant envtron_ntal parameter 'n the
hot section of a turbine engine is the gis tempertture.
In lencrei, _ost attention has been directed at the
:Ime-lverage value of gas temperature rather than the
fluctuating c_ponent of gas temperature. It Is gener-
ally agreed that there may _e significant te_pereturi
fluctuation In the gas exiting a com_ustor due to
incomplete mixing of the combustion _nd dilution gas
streams. It is also agreed that thermal cycling of
the surfaces of turbine airfoils can result in spail-
ins of oxide films used for corrosion pro_ection and
t)us shorten the llfe of the airfoils. Development of
e s_stem to _easure gas temperature fluctuations was
undertaken to atd In modeling combustor flow and in
studying the ther_11 cycllng of airfoil surfaces. Com-
bustor moUellng requirements set the frequency response
goal at I000 HZ.

_he aoproach used in thts work was to devise a way
to determine In sltu the compensation spectrum required
to correct for the limited frequency response of a
thereoCouple probe located in the g_s stream. Fre-
quency compensation has often been used. especially
with hot wire ane_terSo in the Misurement of
dynamic flow phenomena. T)e proble) with this tech-
nlque when applied to a thermal ele_nt in a flow
strelm iS that the required Compensation speclrum is a
function Of both the lher_ll mas_ of the thert_ocouple
and the coefflcSent for heat transfer between the gas
and the ther_ocouple. This hell transfer coefficient
Is a function of the gas flow conditions. Each time
_he flow conditions change, the Compensation spectrum
must bi redetermlned. In some cases estimates of the
compensation spectrum may be sufficient; in this case
It was t_ortant to be able to mike tn sttu determh_e-
Lions of the c_nptnsatton spectrum.

The system thi_ was developed ([lmore etal.. 1984:
[lemre et el.. 1983: ElmOre eta)., 19_Sa and b; Stocks
Ind Elmore. 1986) uses a _ual elem,nt thermocouple
probe SUCh ms shown In Fig. 6. lherrnocouples ire
formed with carefully butt welded _unctions SO t_at
there is no variation in dian_ter te the region of the
_unctlon. These ther_ocouples ire each supported
across a pair of Support posts sO that they Ire paral-
lel cylinders In cross flow and are in close enoug)
proximity (_pprox 1 _m) so thee they are meesurlng _he
same temperature. The ther_c©uple wires and the SU)-
port POSTS ere mlde from Pt-3OghlPt-6Rh. The thermO-
couple 2unctions ire midway between the Support posts.
The two therrocouplls have different _lameters. conl-
•only 75 and _SO _m. Neither of thiS1 thermocoup11$
have the d,slr,d frequlncy rlsponsl, bul a c_)plri$on
of their d_n&mlc signals can 1,ed to the needed c(_npsn-
satlon spectrum. The technique is _as,_ on the use Of
the ratio of the Fourier coefflctents Of the dynamic
slgnals For frequencies In the ,arisewhere the signals



be¢o_ atteruated. 2n the system which has been 0eve-
loped, the signals are recorded on magnetic tape and
processed in a general purpose 0tgJtal cocputer at a
later ttN. The data reduction orocess takes approxi-
mately 5 mtn for each flow condition for which a new
compensation spectrum must be calculated.

[tmore et el. tag86 a and b) describe experiments
to demonstrate the frequency response Of the system.
_asurements were r&de in a specially Oestgned test rtg
and in the exhaust of an atmospheric burner. C_mparf-
sons were made between the dynaatc gas temperature sys-
tem anO very ftne wire resistance thermometers (6 and
12In, wire Otameters). At _ow frequencies (below
250 He) with reasonable temperature fluctuations agree-
meets within =23 =ercent were obtained. Poorer results
were obtained at hlgher fre=uenc+es but here the tem-
perature fluctuations were so small as to_ake the data
questionable.

Thts systea has been used to measure fluctuating
temperature in I_oth turbine engines and In combustor
test rigs. A sample of data from a turbine englne
test Is shown In Ftg. 7. Xn this test the probe uas
located between 9trst-stage turbine vanes. For the
data shown In Ftg. 7. the englne was operating at an
tnterudlate power level and the average gas tempera-
ture was 1200 K. Figure 7 shows four plots of fluctu-
ating temperature versus time. Figures 7(at and (b)
shown the uncompensated slgnals fr_ the 75 and aS0 _m
themo¢ouPles. Hate that the temperature scales on
these plots have been adjusted so as to show the wave-
forms. Also note that the rms temperature fluctuation
Is listed on each plot. Figure _(c) shows the compen-
sated temperature fluctuation from the 35 _m thermoco_-
pie, and Fig. 7(d) show an expanded time segment of
the co_pensated signal. The rms value of the ¢<x_pen-
sated temperature fluctuation tS 218 K and the peak-
to-peak fluctuatlon Is approximately 2_00 K.

LA$£R AHEH_,ETRY

The laser anemometer (LA) has become a valuable
tool In turbine engine research, providing data that
would be almost i_l)os_Ible to gather using conven-
tional tnsCrumentatton. However, the use of LA In fur=
I_chinery has proven to be one of tts mre difficult
appltc&ttons. Turbomachtnery components are typified
by small passages and htghly accelerated, btgh-veloc!ty
floNs. This leads to the need for sm11 seen partlcses
that yell faithfully fo11ow the f10_. Unfortunately,
s_lt particles =re weak 11ght scatterers, which result
In low signal levels. Xn addition, measurements in
smell _assages require great care in the design of the
optics to minimize ehe amount of detected surface-
scattered laser light (flare). All these considera-
tions must be included tn the destgn of an LA to
obtain the ,_ximum amour,t of accurate data in minimum

empertmntal run time.
HOST experiments where researchers planned to use

were studied to determine prltical ttchno1_y areas,
Researc_ programs were then conducted in several of
these areas Includlng (hotlcaldesign, seed generation,
signal processing, and (ate acquisition, An ambient
pressure, llboratory-type combustor was USld to evalu-
ate optical systems and signal processors.

_elln_ of Frln_@-Tv_e...LA._A
The frlnge-type U_ was analy_ed (Seasholtz it &l.,

ig84) using the Cr¢mr-Hao Iowlr bound for the v_rl-
ante of the astarte of the Pwpler frequency as a
figure of merit. HIe s¢attertng theory _as used tO
calculate the Ooppler signal wlth _oth the amplitude
and phase of the scattered light taken Into account.
T_e noise due to wall scatter (_lare) was calculated

using the _all bi-dlrectlonal reflectance dtstrlbut'on
functlon (BRDF) anO the trradian;e of the InclUent
beams. A procedure was developed _o flnd the optlmum
aperture stop snape for the probe volume located a
given distance from a wall. Figure 6 shows SHR as a
function of probe volume to yell distance for two oPti-
cal systems with optimum aperture masks.

The BR_F was measured for a number of uncoated
,_terials, finishes, and surface coating. Calm were
obtained for "as machined" s_rf&:es, polished s_r-
faces, glossy Olack coatings, anO _lat _ack coatings.
Based on t_ese data, the best surface for LA applica-
tions aopears to be a glossy black coating. Although
a o;acx glossy surface has a relatively large specular
reflection, the diffusely reflected Itg_t, wnlCh ts
usualty of greatest concern tn LA systems, ts substan-
tially less than the diffusely reflected llgnt from a
flat black coating.

title characteristics necessary for hot section
LA are prlr.arllythe same as low temperature LA, with
the exception that the p_rtlcles must retain those
characlerlstlcs at hlgh temperatures. S_sed on i
survey of available materials, a particular grade of
aluminum oxide (nominal I i_dlam) was selected. A
co_erctal, high-volun_ _luldlzed bed was chosen to
disperse the seed particles.

An experiment was also conducted to determine the
feaslblllty of using chemically formed _eed for hot
flo_s, Ttt,_ntum tetrachlortde vapor was tn_ected into
the flow where it reacted wtth the water vapor to form
tttan_um dioxide and hydrOChlOriC acid (HCf). The
titanium dioxide ts a suitable high ter©erature seed
_terlal; It has a sub-micron size, and St Is produced
In large quantities. However, the HCf, if not neutral-
lead, can c_use corrosion, which limits t_e applica-
tion of _hI_ ttedlng technique.

Prep roee_so_', fo_ FTtnge-Typ_Lk
- The quality of data from an LA Is critically
dependent on a number of control settings of' the sig-
nal processor. These typically include the _tical
detection el/stemgaln ((etermlned by the photomultl-
plier tu)e high voltage and amplifier gain) and the
electrical _11ters used to remove the low frequency
pedestal component and tO reduce shot noise. A study
was made to quantlfy the effect of filters on _asure-
merit accuracy (Oberle and Seasholtz. 1985). _everat
comon filter designs were examined. It was shown
that both tl_e filter type and the cutoff frequencies
must be car,_fully selected to avoid filter-induced
errors in c_unter-type processors. It was sho_ that
these ,rror_ are p¢rtlcullrly significant for probe
volumes containing a sr_ll number of fringes end for
highly turbulent flow.

£xperim,_ntsIn turbomachlnery test facilities usu*
ally have hlgh operational costs, so It Is necessary
to acquire tie desired data In a mtnlmum tlm, (xten-
slve operator interaction wlth the Instrumentation dur-

ing a test run Is usually not desirable. To provide
for efficient data acquisition and correct proctssor
settings, m ¢(xq)uttr-controlledinterface (called
preprocessor) was designed, fabricated, and tested
(C_0erle,IgBT). The preprocessor (Fig. g) ampllfles
the signal from the photodotector, filters tt uslng
both low- and hlgh-pass filters, and thin routes it _o
the counter processor.

The chief virtue Of the preprocussor Is that tt
provides direct computer control of the PHT _Igh volt-
age, th, rt' gain (50 dB of amplification and a pr_ram-
mable atte;)uator are used to provide control over the
range -77 (IB to +_0 oB In I dB steps), =nd selection

mm



of the low- and h|gh-pass Filters (8 low-pass and
8 high-pass). In addition, the preprocessor provides
computer contrnl of the seed generator and allows com-
puter monitoring of t,e PHT dc current. Htth proper
software, the preprocessor wtll allow the researcher
to preprogram the vartous Processor settings based on
the expected flow conditions. It wtll also be POSSi-
ble to use "smart" adaptive software to select the
proper settings based current measurement parameters
such as the frequency, turbulence intensity, and notst
level.

bur-Spot LA
The conventional Fringe-type LJkhas a large accept-

ance angle (i.e., It can me|sure velocltles havlng a
wtde ran@e of flow angles), but It has a relatively
large probe volume. ThtS large probe volume limits
the closest measurements to about 1 _ f¢(xm surfaces.
The conventional ttme-o_-fltght LA (aka 1we-spot or
transit LA) has a much smaller probe volume, wnlch
allows it tomeasure m_ch closer to surfaces. How-
ever. the twO-Spot LAb,s a very 11mlted acceptance
angle. _Ich greatly reduces Its caPabilities In highly
turbulent Flows.

The need for an aninmter Incorporating the large
acceptance angle of the fringe LA end th, ability of
the two-spot LA to measure close to walls led to the
develol_nt of a new type of time-of-flight LA (Ladtng.
Ig83: Nernet and Edwards, 1g86). The new FOur-SPot LA,
shown tn Ftg. 10. incorporates two features. One Is
the use of e111ptlcal rather than ¢trculer spots to
give a large acceptance angle. (This use of two elltp-
Ileal spots is also called e two-dash or two-sheet
time-of-flight LA.) The other feature, which Is
unique, ts the use of four beams arranged to form two
p_Irs of orthogonally polarized, partially overlapping
spots. ThlS allows the use of an optical method to
accurately determine the start and stop timing signals.
Previously, delay-and-suPtr¢ct techniques were used to
generate the t_mlng slgnals. T_ Optlcel _ethod,
unlike delay and subtract. IS Independent of the veloc-
Ity. ThlS is advantegeous in highly turbulent flow or
in other flows with a vlde range ¢_ v,locltles.

The Four-Spot LA was designed, fabricated, and suc-
cessfully tested. Heasurements were o_talned &s close
as 75 _ fro= a normal surface (Nernet. I987). Compar-
ison measurements wire also eade using the four-spot
LA, a t_)-spot LA. and a fringe-type LA In the vicin-
Ity of a single turbine vine nK_nted tn the exhaust of
the open _et burner (Hernet and Oberle, 1987).

Hlpdo_and _rrectlonO_tlcs

In turbomachin,ry studies It Is highly deslrable to
Obtain measurenmnts without altering the flcywbeing
studied. Hlth optical techniques thls mnan_ t_et the
window contour should match the internal flow passage
contour. One Lewis HOST facility was a 508 mm diam-
eter. single stage, axial flow turbine facility. Two
cylindrical windows were designed to allo_ measure_nts
within the 5tater and rotor passages. These windows.
however, act as cyllndrlcal lenses that In:reduce aber-
rations into the LA optlcai system. If not corrected.
these aberratiOnS cmn greatly degrade the _easuren_nts
or even prevent any mnesurements. A rmonochrom;ticcor-
rictlonoptlc (Fig. ill wee designed for thls ippIlca-
tlon (Wernet end Seas_oltz. lg87). The sddltion of the
correction OPtic restores the diffraction limited per-
fofmance of the optical system.

CO_eUSTORVIENING SYSTEM

AnOther way to determine the response Of a compo-
nent to the hot seeS'on environment Is to sonltor vis-

ual irkiges of the component during operation. This Is
not ltkmly to produce quantttatlve data but. tn some
cases, qualltatlve data are sufficient or even prefera-
ble. A case in point Is the Cc_nbustorViewing System
(Morey, 1984: Horey. 1985). This system was designed
to provide recorded images of the tnterlor of a ¢OmbUS-
tor during operation; the objective was to produce a
visual record of some of the causes of premature hot
SeCtion failure.

The Combustor Viewing System consists of a water
cooled optical probe, a probe actuator, an optical In-
terface unit that couples the proPe to cameras and to
an illumination sourc,, and syst,m controls. Th, pr_,
with its actuator Is designed to mo_nt directly on an
engine or a co-buster. The probe is 12.? m In dlan_
stir, sm|11 enough to flt Into an Igniter port. The
actuator provides a rotational motion of zI$O* and
radial insertion to e maximum depth of 7.6 cm. Two
probes were bullt to use with the system. The wlde
field-of-view probe ca_) be fitted with lenses For 90"
and 60' Fields-of-vlew, wlth the vlewlng axis orlented
45" to the axls Of the pr_e. The narrow fleld-of-vlew
pro_e has lenses for 35' and 13" flelds-of-vlew that

are oriented 60' relative to the proP* axis. _t_
probes are water cooled and gas pur_ed and are capable
of operating wlthln the primary CO_buSt10n zone Of a
CO_bustor,

Figures 12(aS and (b) show cross section views Of
the two probes. In each case an image conduit Is used
to transfer the image through the length of th, probe.
The image conduit Is a fused bundle of fibers 3 m In
dlameter and consists of about 75 000 fibers 10 pm In
diameter. Each of these fibers corresponds to a plc-
ture element. The Ir_ge conduit Is 33 cm Ion) and Is
coupled to a flexible Fiber bundle which connects th,

probe to the optical interface unit. Etch probe is
also equipped with two 1 m dlmmet,r plastic Clad fused
quartz fibers used for illumination when required.

The optical interface ,nlt contains cameras, ill-
ters. and an illumination source. Either fllm or
video cameras can be remotely selecte_ and up to eight
filters can be inserted Into the viewing path. The
lllumlnatlon source is a mercury arc l_q) which I$
focused on the ends of th_ illumination fibers.

This system _as been used in both Co_bustor and
full scale engine tests. Although the original use for
the system was In co,buster liner durability studies,
the system also hes capability as a flowpath diagnos-
tic device. It has been used to examine light off and
blowout ¢haracterlstics and appears to have considera-
ble potential for other tlme dependent phenomena and
for flame radlometry. Subsequent to the initial devel-
opment program, a¢¢Itlonal systems were built and put
into service In aircraft engln, development work and
in testing turbine engines used to generete electrical
power.

HIGH TEMPERATURESTRAIH MEASURINGSYSTEHS

The _Ost _bitlous instrumentation development
effort tn this program ts the development of hlgh-tem-
per_ture strain measuring systems. The target g¢_l for
thls work Is to measure strain (approx 2_0 mldr(_
strain, nsmximum)at temperatures up tO 1250 K wlth an
uncertainty of =I0 percent. This requirement ts For
relatively short term testing; a 50 hr sensor llfe Is
consider,d sufflcl,nt. Spatial rmsolutlon of th, order
of 3 mm is desired and where measurements are required
on blades or vanes, large temperature gradients are
anticipated. In general, the r_qulrim,nt IS for
steady-state m_asuren_nts a= differentiated From
dynsmlc (fluctuating component only) measurements.



The prlncl_al candldate For m_Ing such _easure-
mints under stmtt_r but tower temperature conditions
(less thin approx 700 K) Is the resistance strain gage.
Ho_ever. it the higher teeperatures, strain masure-
wnts become Increasingly dIfflcult and the Co._monly
used strain gages are marginal at best. As the re-
quired temperature range tnQreases, the _gnitude of
the correction For apperent strain becomes
substantially larger than the strain signal and the
uncertainty OF the correction ts ex¢esstve. To meat
the goals 1tired a_ove, the un¢ertatnty o? the
apparent stralr correction must be less than =2C0
mlcrostrein. :'hls requlrament translates to a repeat-
ab111ty of the resistance versus te_er&ture for the
munted strain gage to be well wlthln =400 parts per
m1111oe (Qpm). based on a gage factor o? two,

lie made an extensive study of potentially useful
high-temperature stattc strain measurement techniques
(_ulse et el.. 1987M. As a result o? this Study. we
are pursuing the following to _mprove our high tempera-
ture strain ¢easurtng ¢_pablllt¥:

(l) developlng Irmprovedhigh temperature strain

gages
(Z) le_rnlng how better to use available straln

gages
(3) developlng optical strain measuring systems as

alternatives to strain gages
The ?oT1oxtng SeCtiOn will.discuss these three areas of
work.

Oeveloomfnt of In:Pro_¢d Htoh T_=perature Str_n Gaaet
-- Xn attemptlngto develop q_roved hlgh te_erature
strain gages, we are emghaslzlng development of alloys
_tth very repeatable reslstance versus temperature
characteristics (Kulse It el., 1985: Hulse et el.,
lOS?b). He tested & number _f alloy compositions fr_n
ftve alloy families. These al_o_ f_tltes are ReCta1,
fltCrSt (Ntcrosl|), PtPdHo, PdCr. and PtH. %n all cises
except for the ther_o¢_ple alloy fllcrontl, we Tooked
st a range of co_postttons. Alloy s_mple war| cast into
rods and then mchtned Into sultable test samples.
Measuremnts were made of resistance versus temperiturl
over a number of cycles in ld_¶Ch cooling rates were
varied from SO to 250 K/minute. Additional tests
tncluded oxidation <welght gain mthod) and resistance
drift for up to 3 hr In alr at 1250 K. The results of
these tests Indicated that two alloys, one In the
FeC_A1 famtly and one tn the PdCr family, had the best
_otent|al for htgh temperature straln gage
applications.

The FeCrA1 alloy wasdesignated as "Mod 3." The
fractional resistance change with temperature for this
alloy =t temperatures up to 12S0 K IS compared w_th the
¢ommer¢tal K&nthal A-1 (&leo FeCrA1) a11oy In Fig. 13.
%n thls case _th alloys _rt Inn|lied for 2 hr at
1150 K prlor to testlng. The resistant0 change of the

3 alloy ls _uch less than that of the Kanthal A-I
a11oy and shows c_paratlvely 1title change for differ-
ent c¢o|tng rates, This alloy does, he, ever, exhlbtt
different resistance versus ten_erature characteris-
tics, depending on eravlgus t:her_l htStory. Figure 14
Illustrates thts effect for exposure to 12S0 K &If for
ttNS rangtng frol_ 10 tO lOS _r. hcause OF thts
effect, _rk on thls 111oy has b,en de-emphasIzed In
favor of the g_Cr e11oy.

The PdOr alloy has e resistance versus te_erature
curve vhSch ts characteristic of a i01t4 solutton
allot wlth nO phase or Internal structure changes
_etng evident. The resistance ts essentially 1_near
wlth reaper&tufa and not affected by changes tn cool-
Ing rate or previous therl_ll htstony. Cycle-to-cy¢le
replatablllt_ Of the fractional change In resistance
with temperature Is excellent. Tilts over four ther

mal cy¢les ShO_e¢ an average (over the temperature
range) standard dlvlatlon of 130 ppm. The greatest
varlatloo was at apgroxtmately 700 K with a st_nd_rd
devlat_on of _65 ppm. The long term drlft of cast sam-
ples of this alloy at 1100 and I_$0 K _n alr and In
argon tS St_O_ In FIg. 15. %t should be noted that
these data I_oly a repeatability In resistance _n_asure-
•ent to the order of 100 ppm; It tS l'kely that some of
:he fluctuation in these curves Is attributable to the
_¢asurtng systl_ rather than the resistance of the
alloy samples.

The repeatability of the PdCr a11o_ ts the pro-
perty that we feel _s essential for htgh-tn_erature
straln gage _orK. _owever. there are other progsrttes
required for Ioo¢1 strain gages and the PdCr alloy n_y
not be Ideal considering these properties. The temper-
ature coefflclent of resistance is high enough that
temperature compensation will be required; the added
c_llcatton and the larger gage slze required for this
wt11 have to be acconodated. Other potentlal problems
_ch as oxtdatIon resistance OF high surface-to-volume
ratto thln films and fine wtres, gage factor changes
vlth temperature, and the elasttclplastt¢ straln prop-
erttes are still under Investigation.

_Qr.k NI_h Available Stratn Gaces .
Learning how best tO use available strktn gages In

high-temperature applications requires that consider-"
able experimental work be done to explore stratn gage
characteristics and devtse Oett_m procedures for spec-
Iftc appllcatlons. Such _ork ts very tln_ consuming.
especially shin tests at mny different re,statures
are required. _onsequently, one Of our objectives In
this work was to establish a Computer controlle¢ test-
1no capability at NASA Lewts so that testtng could be
accomplished with mlntmal operator attention.

The aut_ted stretn gage test laboratory has the
capability to measure apparent stratn and gage factor
over a range of temperatures from 300 to 1370 K. The
la_orator_ has two ovens (one o_ _htch ¢ontatns a test
fixture for a constant strain beam), e torturer con-
trolted actuator for deflecting the beam. strain gage
and temperature tnstru_ntatlon, and a personal cm_-
purer for controlling the tests and collecting tee
data. Communication betveen various parts of the sys-
tem _S aCCOmpTtshed using both an IEEE-48a data bus end
an RS-232 serlal Interface. A very versatile control
program _aS developed that a11ows us to construct a
variet_ of test profiles by entertng a series of tem-
peratures and c_n_and statements _nto e data set.
Flgure 16 shows a block dtagra_ of the system.

0_e approach to better uttlizatlon of available
strain gages Is outlined by Stetson (!g84). In this
work using Kanthal A-1 a11oy, It wa_ determined that
the apparent straln of the gage was stronQly affected
by the rite at which the gage was tooted from the high-
est use ten_eratura. Further, the apparent strain for
the next thermal ¢y¢le followed that established by the
cooling part of the previous cycle; a repeatable appar-
ent strain could be _telned If the cooling rate could
be repr_ucld during each therN1 cycle. This tmplles
that an accurate apparent _tratn correction could be
obtained by _tchlng the cooling rate during Calibra-
tion to that which would be t_¢ressed on the straln
gage during use. It Is necessary, of course, that the
cooling rates be control_able during use and that Is
not always possible. But for the work of Stetson
(1_$4), the cooling rates could be matched and,
althOUgh It tOOk constderaO|e effort, the result _as
usable Stifle Strain _asurements _t temperatures up
to _0 K.

Hork based on ¢ontrolled coollng rates has also
been undertaken at NASA Lewts. Histelloy X plates 13
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_y 20 cm were Instrumented with Kanthal A-1 lnd
Chinese feCR^1 ?00 "C (Huet at., 1t81) strain gages.
A plate holdln_ fixture was maae :hat 0ermltted cool-
tng gas to flow over the plate uniformly SO as tO get
controlled cooling rates. The KInthal A-1 gages were
aounted ustng a flaw spriyed alumina and ceramic
cement process and the Chtnese gages were mounted wtth
a Chlnese ceramic cewnt using dirge!tons supplied wtth
the gages. ,he pTates were also instrumented with 10
therm¢couples so as tO _esure the temperature dlstrt-
_utlon at the strain gages. Apparent strain masure-
rents were madeover a temperature tango fro_ 300 to
gSO K wttb cooling rates controlled at O.I, 1.0. and
S.6 Klsec. Figure 17 shows the resulting resistance
versus ten, erasure data. Hotted here are fractional
cnanges tn resistance for one each of the _anthal A-I
and Chinese gages for the three different cooltng
rates. The Cite show the Kanthal gage to _e strongly
=ePen=ent on coollng rate but repeate=le in resistance
at the max|mu_ temperature. The resistance of the
Chtnese gage ts independent of cooling rate _t both
300 and gSO K, but at tntemedtate temperatures the
curves deviate depending on cooling rate. The maximum
deviations In these curves occur in the temperature
range from 650 to 800 K. roughly the same region for
which htgh drift rates have been reported for the
Chinese gages (Hobart, 1985).

_tlcal $tratn Messur¢_nt
Optical systems n_y not provide exact alternatives

to resistance strain gages for all turbine engtne
eppllcattons, but they appear to have high Dotentlal
for providing high temperature, noncontact, two-
dimensional straln measuring systems wltn virtually
unlimited strain range. An optical technique that
requires nom odtflcatlon to the surface under test
uses laser speckle _atterns. These patterns are formed
by¢onstructlve and destructive interference of laser
11ght reflecte_ from a diffuse surface. The source of
the pattern I$ the irregularities In the surface; when
the surface is distorted, for exanple by strain tn the
plane of the surface, the speckle pattern changes.
Precise measurements of changes In recorded speckle
patterns can provide irmforeatlonon the strain i_posed
on the surface. A practical implementation of this
technique Is a laser speckle photogrammetrlc system in
which speckle patterns are recorded on photographic
film (Stetson, 1983). Speckle pattern photographs
(called specklegra_s) are made at different Increments
of loading of the test s_ple and then pairs of speck-
1agrees are examined tn an automated !nterfero_etrlc
photocoeparator. The system uses heterodyne tech-
nlques tO achieve accurate measurements to a friction
of an Interference fringe. _attempt wlli be ma_e
here to descrlhe thlS system In detail; it hat been
thoroughly described in the open llteratdre (Stetson.
1g$3).

The laser speckle p_otogrammetrtc system has
successfully measured high-temperature surface deforma-
tion. Stetson (1983) describes _n experiment to meas-
ure the thermal expansion of an unrestrained plate of
Hastelloy X at tenmeratures up to 1150 K. The plate
was heated tn a laboratory furnace to llSO K and then
allowed to cool to SO0 K over a period of several
hours. SpecKlegrams were _ecorded at roughly 200 K
intervals during the heating and cooling and suc-
ceeding specklegram pelfs twereused to determine the
ther_l expan_lon of the plate. Measured thermal
expsnlson _greed wlth values calculated Prom the meas-
ureO temperature and the ther_l eMpanston coefficient
to within 3 percent,

He have attempted to use the _aser speckle photo-
gra_,_etrlcsystem In test cell environments. In one

attempt we recorded specklegram$ of a combustor liner
tn a high-temperature, _tgh-pressure combustor t_tt rig
(Stetson, 1984). The specklegrams were taken through
a viewing Port In the pressure vessel of the test rig
as co_ustor pressure and temperature were varied. A
potential _roblem tn this applt;atlon $s that the high-
pressure coolln_ alr flowing over the exterior surface
of the c_ustor liner Is In the optical viewing path,
and turbulence In the gas flow may cause sufficient
_tlcal distortion tO prevent correlatl_ of succeed-
ing pairs of specklegrams. [xamples of undistorted
and distorted specklegrams are ShOwnin Figs. 1Beat
and (b). T_ts effect proved to be a funda_ntal llml-
teflon for the _easurlng system in thls application
when co,buster pressure was higher than ap_rox)mately
3 atm. He intend to exploee further high temperalure
applications of optical strain memsurlnI systems.

T_IN FILH SENSORS

One of the funda_nt_l precepts of experI_ntatlon
Is that the sensors used to get experimental data must
not perturb the sub)eta of t_e experiment fro_ its con-
dltlo_ prior to the Intr_uc'Hon of the sensors. In
turbine engine testing there are many situations In
which this precept may be vSolated, k prime e,ample Is
the measurement of turbine airfoil surface temperature.
Conventional technology involves laying s_eathed ther-
_o,jple wlre Into grooves cut into the surface of t_e
airfoil, then coverlnQ the Installetlon and smoothing
the alrfoll contour. AlthOugh the airfoil contour Is
restored, the thermocoupl_ disturbs the temperature
distribution, does not glve a true measure of the out-
slde surface temperature, and threatens the integrity
of the structure of thln walled _la_es end vanes.

The thin fllm ther_ocouple shown In Fig. i)
appears to be an ideal solution for blade and vane sur-
face temperature measurement (Grant and erzybysze_skt,
1980; Grant et at,, lgS1; Grant et el.. 1982). As seen
in the cross-sectional sketch o_ the sensor in fig. ZO,
the sensor has mln1_l intrusiveness. In thts case the
blade or vane. coated with an _rAIY intlcorrosion
co_tlng, Is polished and then oxidized to form an
adherent surface COCaine of aluminum oxide. Addl-
t$on&l elumlnum oxide Is deposited over this film tO
form an electrlcally insulating fllm of roughly _ pm
thickness. Films of thermocouple alloy (Re and
PtlO_Jth) are sputter deposited through approprlete
masks so that the films overlap at one point to fore
the ther_couple _unction. The ther_couple films
extend to the root of the vane where connections tO
conventional leadwtres are _de. Fll_to-leadwlre con-
nections are made by parallel-gap weldSng. The com-
plete installation of insulating fll_ and thermocouple
alloy films has a thickness Of less than 20 _. The
installation has not changed the contour or the
strength of the cRonent and the greatest ther_l
changes apparent are the different absorptance and
e_lttance of the ther_couple films cow,paredto the
OxidiZed HCrAIY surface. The technology for thin film
thermocoupies and turh|re airfoils has _een developed
to the extent that instrurented vanes and blades are
_eing used In turbine engine tests at temperatures up
to 1250 K.

Thtn ftlm sensor development work ts going on both
at contractor factllttes and at NASA Lewis. Hgure 21
shows the thin film sensor la)oratory at NA_ Lewis.
The iaboritory I$ housed In I clean room in which b_th
temperature and humidity are controlled. On the left
In the photograph ere three vacuum sputtering _echlnes
for deposltion of both insulator and sensor films. In
the rlght-hand corner of the roo(nis equlp_nt for
phOtoitthogriphy of sensors; conventional photo-reslst
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techniques are used. At the far right edge of the pho-
tograph Is a welder for connecting leadwlres to sensor
films.

CONCLUDINGREMARKS

rhts paper has reviewed the state of development of
a num,er of advanced Instrumentation oro)ects ippllca-
ble to the hot sections of turbln_ engines. Host of
these pro)eels are c_)lete and the instrumentation Is
in use. Thls Is the case for the _mbustor Viewing
System, the Oynamlc Gas Temperature Measuring System.
total neat flux sensors, :he laser anemometry projects
descrloed here, and thin film thermocoupIes, dora _n
the general area of thin film sensors ts continuing In
order to further I_rove the technology and expand sen-
sor types and applications. The work to Improve our
hlgh-temperature s@rain measuring capablllty Is still
in progress.
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ABSTRACT

The gas turbtne c_bustton system de,tan and
development effort ts an englneertng exercise to obtain
a_ acceptable solutton to the conflicting design trade-
offs between: combustion efficiency, gaseous emis-
sions, smoke. Ignition. restart, lean _lowout, burner
exit temperature quality, structural duribllityo and
ltfe cycle cost. For runy years, these combustor
desl;n trade-ofrs have =een cirrled out with the help
of funda_nt_l reasoning and extensive co_ponent and
bench testing, backed by e_plrlcl: ana experience
corre_atlons.

Recent advances tn the capab111ty oF computatlonil
flutd dynamics (CFO) co_es have led tO their applica-
tion to co¢_plex three-_lmenslonal flows SUCh as those
in the gas turbine co_b_stor, k number of U.S. Govern-
ment and industry sponsored programs have made slgntft-
cant contributions to the for_ulitlon, development,
lnd verification of an analytical combustor design
methodology which will better Ueflne the aarothermal
loads In a :ombustor. anO be a valuable tool for design

of future co_bu_tton systems. The ¢ontrtbutlons made
by NASAHo_ 5tctlon Technology (_OST) sponsored Aere-
therm_! _eling anO supporting prcgrlms are des_ribeO
In thls paper.

INTRODUCTION

The goal of gas turbtne cocbustlon system design
en_ development ts to ohtaln an acceptable solution to
the conflicting _eslgn trade-ells between co_us)Ion
ifftc|ency, gaseous emlsslons, s_ke. ignition.
restart, lean blc_wout,burner exlt temperature qualtty.
sirvolute1 durability, end life cycle cOSt. For many
years, these cozbustor design trldi-offs I_ave been car-
reed out with the helO of fun_a_ntal reasoning trio
extensive c_nponent and bench testing, becked by empir-
Ical and experience correlations. The ultlmitt _al
has been to develop a re111ble co_ustor design system
that can provide ouantltitively accurate preOIctlons
Of the complex combustion flow field characterlstlcs
(Fig. I) SO t_at en optimum co_b,stton system design
can be achieved within re¢son&bl, cost and s;hedule
constrelnts.

(_pirtcally bleed procedures have led to succesS-
ful evolutionary Ccxnbustorimprovements. However. as
these _ethods are experlence-_aseO, they t_'e not well
suited when c(_bustor design requlreeent are signif-
Icantly different from that of current technology
engines. The rapidly developing CFD (C_utatlonal
F1uld Oynamlcs) clpabillty Is provldlng an id_Itlonai
tool tn the design process which can have a powerful
positive influence on future design capability. In
these codes, combustion system subc(_ponents lnclu¢lng
diffusers, fuel in)actors, and co_bustor liners, in
addition to the complex Internal flow, need to be mCcu-
ritely _odelled, To achieve this. physical sub-models
and accurate numerical schemes _ust be developed to
describe the various aerothern_chemtcal processes
OCCUrring within the Combustion chamber.

A number of U.S. Governn_nt and co,piny sponsored
programs have made significant contrlbutlons to the
formulation, development, and verification of an
analytical co_bustor design _thodology, These hive
Included: U.S. Army ¢om)ustor Design Criteria Valida-
tion (Bruce er el., 1)79: _ongla et el.. 1979. _ongla
_nd _eynolds. 1979). NASA Swirling Reclrculatlng Flow
(Srfnlvasan and Hongla. 1980), NASA Soot and NOx Emts-
stone Pradlctlon (Srivatsi. 19(0). NASA Primary Zone
Study <Sullivan et at.. 19831, NASA Mass and Hocentum
Transfer (Johnson and Bennett. 1981; Robick lnd
Johnson, 1983; Johnson et _1., I_84). NASA Literal Oat
%nJectlon (LIllIx, 1986; Ferret1 lnd Lllley. 198S;
_cNu,ray and Llllty, 1986; Ong Ind Lllley, 1986), NASA
Dilution Jet _l_Ing (Srlnlvlsan et el., 1982. I)_4.
1985; Srlnlvasan and Nhlte. 1)86: Holde_an et at.,
1)84; Holdeman and Srtnlvasan, 1986; Holdemafl et el..
laB?i), NASA Transition Mixing Study (Reynolds and
Hhite. 1986; HoldeRin et el.. 1987b), NASA HOSTAero-
thermal H_ellng (Kenworthy et at., 1983; $turge_s,
19_3; Srlnlvasan it el.. 1983=, Ig$3b), NASA Error
Re_uctlon (eyed et el.. 198S), Industry IN & D pro-
grim$, and a_vancsl co_bustor develop)ant progri_s.

The NASA HOt Section technology (HOST) Combustion
Progra_ has supported severll of these programs. The
overall oh)active of the HOST Combustion ProJoct is to
develop and verify ad,'anced antlytlcil mthods to
IBprOvt the ;Iplblllty to dest_n combustion systems

23

III I II

') / .t'. "



mm_ ii m I i

for advanced alrcra_t gas turbine englnes. This objec-
tive _s being approached both co_putat_ona!1¥ and
expe-imentally.

Cocputationally. FlOSTfirst sponsored studies to
assess and evaluate the capabilities of existing
ae_oth:rmaT _dels (circa 1982). Based on the results
o* :hese assessments and other studies in She liter-
ature, HOST suD=orted several studies to develop new
and 1_roved nu_rlca) _et,ods for the analysis of tur-
culent viscous -eclrculat_ng flows, wlth emphasis on
accuracy and s_eed of solution.

The obJectives of HOST sponsored experimental
stuOles were to Improve understandlng of the flow phys-
Ins and chemistry 'n constituent flows, and to oDt_In
fully-soectf_ed, Dench_ark-qJa!ity experl_ntal data
suttable _or the assessment of the capabllttie_ of
advance_ ¢omputatlona! codes.

This paper reviews the advances In the
state-of-the-arl _n c_Dustor aerotherml modeling.
wnile _Igh119htlnq the programs supported by the HOST
Project (lur_Ine Engine Hot Section Technology. 1982.
1983. 1984. !985. 1986. 1987). Oue to length ]Imlta-
tions not all programs that recelved _OST support a-e
Included. and. for completeness, sc_e program that
_de a sigrlfic_nt contrlb;tton, but wnlch 0td not
=ra_ their _rlmdry s_ppor: from H_T are dlsCussed.

AEROTHER_ALr_OEL;N_ ASSEiSHENT

Gas turblne co_bustlon ._dels Include sub,peels
of turbulence, che_!cal _lnettcs. t_r_ulence/che_lstry
Interaction. sp_ay dynamics, evaporation/combustion,
radlation, and soot for_atlon and ox!dat!©n. A very

extensive assessment of nurertcs, physical suDn_del_,
and the suttabtli:y of the available data was _de Oy
three contractors under Phase I Of the HOST Aerothermal
Hodeling program (Kenworthy et _I., 1983; Sturgess.
ig83; Srtniv4san at al., Ig83a, 1G83b). 1hose investi-
gations surveyed and assessed current ,_odels and l_en-
tlfle_el deficiencies thrOUgh comparlson between
caTculated and _easured quantities. Results of the
assessment _y Srtnlvasan tt al., (lgB3a, 1983b) are
sun_arlzed by _ngl& et al. (19_5). The constltuent
flows exa_ired Included: (1) slmple flo_s wlth no
stream!lne curvature, (2) complex flo_s without $wt_l,
and (3) c_plex fiows with s_irl. Georetrle_ for
several test cases fro_ each of these categories are
shown in FIg. 2.

k-e Turbulence Hodel
The k-e _o_el ts the stmolest turbulence model

that Is suitable for reclrculatlng flow calculations.
This _0¢et achieves closu_-e by using a gradient trans-
port code! for Reynolds stress with an tsotrootc eddy
viscosity, For flows wnere the Isotroplc eddy vis-
cosity as_umptfon ts not valld, the k-¢ model may be
either _odlfled (e.g. low Reynolds number co, riot!on,
Richardson n_ber correction) or replaced xlth an alge-
braic or differential Reynolds stress nodal.

Assessment of the k®_ n_del(s) of turbulence
showe_ that these _odels:

(I) reauire 10w _eynolds Nunber correction for
preClcting _all shear flows, and streemllne
curvature _odtflc_t_ons for accurately
preo_ctlng curved boundary layers

(2) g_ve Quantitatively g_d correlation wtth
oa_a for simple flows and non-re¢IrCu1|ting
swirling flows

(3) give ouantitatlveiy reasorable results for
nonswtrllng rectrculatlng flows

(4) gtve quantitatively unsatisfactory
:orrelatlon _tth data for comolex swirling
flows with rectrcu!atton zones

(_) glve quantltatlveiy unsatisfactory
correlation, but predict trends correctly, for
complex three-dimensional flows.

A_ebraic Stress MOdel and its _k_diflcatlo_
_ean flow predictions with this model agreed wlth

She dasa as well as the k-c n_cfel_esuits, therefore
t_e conclusions above also apply (o this _el. In
addition, the Algebraic Stress Hodel gives reasonaole
predictions for the Reynolds stress c_ponents, con-
slstent with the strengths and li_Itatlons of the k-s
_)dels (Hongla et el.. !986).

The results of standard k-© and algebraic and dlf.
ferentlal Reynolds stress _urbulence _odels, have been
co_pared in several continuing assessment studies. An
example comparison (_ngla, 1987) Of data and calcula-
tions using a hybrid/SINgLE nu_erlcal scheme is shown
in Fig. 3. This flow Is that of co-annular turbulent
Jets flowing into an axlsy_met-lc sudden expansion
(Roback _nO Johnson, 1983). In thls figure, velocity
profiles are shown at d_nstream, distance from 0.II
to g.S pipe dlameters from the expansion.

)ca!at Transcort _del
_ngla et _I.. (-i'gB6)re_rted that the K-¢ model

wlth specified Prandtl number predicts scalar fluxes
reasonably well for flow where the gradient diffusion
approxl_atlon is valid. An alternative, the algebraic
scalar trans_-t _del. has the capablllty to improve
predictions over the k-c approach, but Further work is
needed to establlsh Its va_Idlty for swirling recircu-
_atlng flo_s.

)urbulence/Chemistrv In.ter_ctlon14odels
It was also concl'udedby )k_nglaet el., (1986)

that both 2- and 4-step reaction schemes showed prom-
IS* for application In gas turbine c_ustor$, but

need to be further validated agalnst data fr(_msimple
flames. The _odlfted eddy breakup n_xlel predicted
trends well, lnd it was recon_inded that It should be
pursued because this approach could be easily extended
to multlstep kinetic schemes.

deficiency Identified In the assess-
ments was that for _any flows of Interest the accuracy
of the calculation _as 11mlted by the nun_rlcal approx-
l_tlons, wherein the false diffusion Is of the $an_
order of _gnitude as the tur)ulent diffusion. Thts
masked the differences between turbulence mo_els such
that very different models gave essentially the same
result, and sometln_s resulted in undeservedly g_d
agreement between data and predictions.

If false diffusion Is present, the numerical solu-
¢lon obtained For any given flow depends on the grld
density and distribution. An example of the co.part-
sons made tn the aSSeSsment Program Is give_ by the
comparison in Figs. 4 and S between measured and calcu-
lated telperature distributions downstream from a row
of _*ts entering a confined Crossflow. This flow IS a
constituent flow in most gas turblne combustors, ano
has been treate_ extensively in the literature, includ-
ing the recently completed NASA Dilution Jet Hixlng
program, fr(xnwnlch data were compared wlth three-
dl_enslonal CalCulatlons In the Phase I assessment
stuoy by $rlnivasan et if,. (1983).

24



The calculated and experimental results shown are
for a single row of _ets wtth an orifice spacing to
dtu_ter ratio, S/D, - 2 injected into a ducted main-
stream with a d_ct height to orifice diameter ratio
H/D, , 8. The )et-to-malnstream n_nturn flux ratio,
5. for this test was 25.32. Calculations for this
case _de _tth 45x26xl? (lg890) nodes, are shown tn
Fig. 4. The paramter plotted tn these figures ts the
dimensionless man temperature difference ratio. THETA.
where THETA - (Tm - T)I(Tm - T_). The predicted Jet
penetration and mixing are less tfian ;hat ShOWnby the
data.

The calculation shown tn Fig. 4 used _g nodes to
str_late each _et. Zt ts generally not Oosstble to use
this many grld points in such a small region; as few
as four my be used tn practice for each Jet. To simu-
late the accuracy of this approximation, calCulations
were performed for the same flow and geometric :ondt-
Lions. but with a 27x26x8 (5615) grid. These coarse-
grtd calculations (Fig. S) are tn much I:_tter tgrlement
wtth the data t_an the ftne-grld calculations. These
and other calculations In Srlnlvasan et el.. (19B3b)
clearly demonstrated that the three-dtmer_stonal calcu-
lations were not grtd independent.

¢_nclu$tons from the Assessments
The major conclusion In the HOST Aerothermal

Nodellng Phase I assessmnt studies by Ken_orthy
et el. (1953), Sturgess (1983). and Srtnlvasan e_ el.
(1983a. lgB3b) was that the available computational
fluid Oynamics (CFD> codes provided a useful ¢ombustor
design tool. Air,ugh significant advances have been
made |n the develop_nt and va11_atlon of multldl_n-
slonal gas turbine ¢ombustlon calculatl_ procedures,
the codes assessed were only qualitatively accurate,
especiallyfor complex three-dimensional flows. _nd
further work was needed. It was concluded that both a
signiflcantly improved numerlcal scheme and fully-
specified experin_ntal data (i.e. both man and turbu-
lence flot_teld quantltles, wtth measured boundary
conditions) for complex non-reacting ant reacting
constituent flows were needed before various emerging
physical suh-codels of turbulence, chemlstry, sprays,
turbulence/chemlstr¥ interactl(_ls, soot formation/
oxidation, radiation, and he_t transfer could be prop-
erly assessed.

^ SECONOGENE_TION I(ODEL

The first generation combustor design procedu-e
outlined by Mongla and Smith (1978) has been very use-
ful for developing several comoustors (Hongla at:a'.,
1986) that exhibited significant technology advances.
However, in ad_Itlon to the _del deficiencies identi-
fied tn the assessn_nts, there were several parameters
of importance in gLs turolne com0Jstor design that t_e
analytical mode_s could not )redtct; e9 gaseous emis
stuns, soot for_atlon, fla_ blow-out l_mltS, ccyn_us-
ton pattern factor, and liner heat transfe'. These
parameters _ere, howeve-, successfully predicted by
well-established semi-analytical correlations develope_
by Plea and Mellon (1980), Lebfevre (1985). and their
associates. Therefore, a comhustor design procedure
that could be applled to current and future 9as turo_ne
engines was implemented that makes use of empirical
design ctnceptS and e_loys &nalyt')caie_¢iellng tQols
to repres,nt various com)uStiOn processes (R_zk mnd
_onlla. 19B6; _onQia. 1987),

Thls Nthod mikes use of multldlrrenslonml_dels
to establish llntr flondleld features and combustion
characteristics. The analytical results are then
lntelrateo wltn seml-empl_ical correl_tions for

performance parameters of interest. That Is. flow
field and qe(_n_tric parameters _hat are nee:ed _n the
empirical equations, such as co_bJstion volume anO the
fraction of air partlclpating In t_e primary combustion
reaction, ere provided by the analytical calculations.

Satisfactory agreement with experimental data has
been Shown (Rtzk and Mongta, 1986) for emissions, _er-
formance and heat transfer. The com_ustor for which
data were available, and for which calculations were
performed, is shown schemtlcally in Fig. 6. k typi-
cal comparison _etveen data and predictions for CO.
unourneU hydrocarbons, NOx, soo_ emissions, combustion
efficiency, pattern factor, and lean _lowo_t art ShOwn
In Figs. ?(aS to (g) respectlvely, the _oel Is in
good agreement wlth the Uata over the entire sea-level
engine operating range. Calculated liner wall tempera-
tures for both the inner and outer walls of thls com-
Oustor are shown in Flg. 8 for three typlcal z-planes
along k - 5, 14, and 23. Here k denotes nodal
planes along the combustor circumferential direction.
AlthOugh no direct COmparison ,Ith liner wall tempera-
ture data was mUe, the predictions look reasonable.

AEROTHEI_'4_LMOOELIIqGPHASE ! I

Based ¢n the re¢(,_mendattons of the Phase I
assessment studies, activities tn Phase _I of the HOST
Aero_hermal Vodellng program concentrate_ o_ developing
i_roved numerical schemes, and collecting completely-
specified data For nonreacttng single and t_o-phase
svlrltng and nonswlrllng flows. The programs initiated
were: :_roved N_erlcal Methods; Flow Interaction
Ixperlment; and Fuel Injector/Air Swirl Characteri=a-
tlon. The first of these Is a prereaulslte to further
•odel development, acd the data obtained In the latter
two studies wlll be used to validate _dvanced nnodels
Oetng develcpec Independently.

:_roved Nu_erlcal MethOds
--.he nybrt_ flnlte differencing scheme employed In
generally available co_bustor cQaes gives excesslve
numerical dlffuslon errors which preclude accurate
quantitative calculations. In resoonse to this defi-
ciency. HOST supported three programs wtth the primary
objective to Identify, assess, and implement improved
solution algorlth_s appllca=le to analysls of turbu-
lent viscous reclrculatlng flows. 8oth solution _ccu-
racy and solution efficiency were addressed (Turbine
Engine _ot Section Tecnnology, Ig85. 1986. 1187: Turan
and Van)dorsal. 1987).

_or most practical problems, a central differ-
encl,_gscheme would be ideally suited If It were
unconditionally stable. Central Olfferencln9 is a
simple second-order scheme which is easy and straight-
forward to Implement. However. for grid Peeler num-
bers larger than 2. central differencing can lead to
over- and under-shoots and is unstable. The hybrid
(central/upwlnd) sche_ Is stable for all Peclet nu_
bars. but Suffers from e_cesstve false diffusion. An
alternative SCheme. named CO_OlF (Controlled Numerlc:l
Oiffasion with Internal Feedback) (Runchal et el.,
1986) has uncondltlonally posltlve coefficients and
still maintains the essential features of central dlf-
ferenclng and its second-order accuracy.

CONDIF uses central differencing when Pe ( 2.
Nhere Pe > 2 and the dependent variable varies monoton-
Icaliy. a n_ltfled central differencing schen_ Is
used, otherwise upwind differencing tS used. CONDIF
,mploy$ Just enough numerical diffusion to ensure sta-
bility besed internally on the field distribution of
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:hevariable, rather than switching to upwind differ-
enctng wnenever Pe exceeds 2. Since uDwtndtng tS done
ct relat|vely Few grid points. CONPIF essentially m|tn-
tarns the second-order accuracy _" central Otfferen-
:tng, and false diffusion Is substantially reduced.

Another advanced numerical scheme, catled flux-
spltne (Patankar et ai., 'g87). Is besed on a linear
variation of total flux (convection • dlffuston
between t_o grld points. Thls is an Imorovemnt over

:he aSSUmption of uniform flux used tn hybrtd schemes.
ano leads 3o reduced numerical diffusion.

_oth of these scnemes have been used to so!we a
variety of anelytlcal, two-dlmenslonal lanlnar and t;r,
=ulent *lows (Runchal et el., 1987; Patankar et el.,
19B7). As an example, results for a lam4nar flow
(Re • 400) In a square drlven cavity are shown tn
_Ig. g. This flow, Shown schernatlcallyin pate a), is
c_aracterl2ed by a strong recl,culatlon zone typical
ofmny physical situations. The problem w,_ssolved
with both CONOIF and flux-splne schemes on a uniform

22x21 grid and compared wlth the eKact ana_ytlcal solu-
tion and a _ybrld solution on an extra,Iv fine BIxB2
grid, Velocity profiles at the ml_sectlon Of the CaV-
ity are shown In Fig. 9(b). Both aCvanced schemes
show improvement over the hybrid calculation.

An attractive feature of both CONDIF and flux-
spllne schemes is that their axtenslon tO three Oimen-
stons ts relatively straight-forward. The resulting
linear dleferentlal eQuations involve only seven points
as opposed to 27 points needed in many sKewed-upwind
schemes ($yed et el.. IgBS).

In addition tO the need for i_proved numerical
accuracy, there ts a nee_ for improved computational
efficiency for a given level of accuracy. Typically
the continuity and momentu_ equations are solved sepa-
rately, and then linked through Iteratlon OF the

re tam; e.g. $1MPLI (_eml-!mpllclt HaShed for
ressura klnked Equations). Mo_Iflcatlons_ such as

SZMPLERand PISO. have been shown to improve computa-
tional efflclency. Other advanced schemes (Turbine
Engine Hot Section Technology, 1985, 1986, 1987; Vanka.
1987), sucn as block eorrectlon techniques and direct
solution of the coupled equations have t_en proposed.
Celculations with the latter coupled wlth the Flux-
spine techntoue have sho_n a speed increase by a fac-
tor of )5 for a calculation of turbulent flow over a
back,ard-f_clng step (Hongla. I987).

GaS Phase [x_e_ime0ts
An experimental study of the Inter_ctlons between

the combustor and diff,ser systems (Srlnlvasan and
Thor_. 1987) is In progress tO:

el) Identify the mechanisms and mgnltude of
eerodynaml¢ losses In various sect'ons of an
annular combustor-dlffuser system

(2) Oetermtne the effects of ge(_etric changes In
the predtffuser, dome. and shroud on :nasa
'oases

(3) Obtain a data _ase to as_es_ current and

advanced aerodynamic c_uter models for
predicting these complex flowflelds

(4) Upgrmae the analytical models based on the
experimental data

(S) Oeslgn arid test advanced diffuser systems to
verify the accuracy of the upgraded analytical
model

Another study in prOgress will obtain ¢oe_)rehen-
siva _an ard tur)ulence measuren_nts of velocity and
species con:entration In a three*dimensional flow mo_el
of the prlmary zone of gas turbine con_ustlon c_ambsrs
(Turbine [ngtne Hot Section Technology, 1985, 19B6,

1987). The flowfield of Interest Is the interaction
between swirling flow and lateral Jets In a recten-
gutar channel (Ftg. lOP. The mainstreams flow Inters
through S sw_rlers with the transverse _et$ in)toted
from both the top and bottom duct walls wlth either 2
or 4 _ets Per Swlrler at I12 or I channel height _wn-
stream fro_ the swirler.

these experiments ere being conducted on bO_h air
and water multlple-swlrler rigs, as yell as slngle
swlrler and swirling _et rigs. Fifteen cases (c_Jna-
tions of swirl and Jet strength and location) are under
test using laser sheet light and Oye water flow visual-
l_atlon, and detailed velocity and scalar mean and tur-
bulence LOW measurements are being made In the alrrtg.

A key feature of this grogram ts COmOartson of
model calculations against the data obtained to ensure
that the data are complete and consistent, and satisfy
the boundary condition input requirements of current
three-dlmenslonai codes. Calculations were performed
using a _hree-dimenslonal code (Srlvasta. 19BOP for el|
test cases before the experlments were begun. Oata and
both previous and advanced n_lel calculatlons are being
compared as data are obtained.

_Ir-Swlrl _ha-actertzatton
,he ob_ec_T_ ofthls stuOy is to obtain fully-

specified _ean and turbulence measurements of both gas
and droplet phases downstream ore fuel in_ector and
air swirler typical Of those used in gas turbln, cor_-
bustlon chambers.

The flodield of interest Is an exi_ymmetrlc
particle-laden pet flow with and without confinement
and co-annular swirling air flow. Approxlmatel@ 30
cas,s are under test wtth both glass-babe particle-
!&den _ets and ll_uid sprays, wlth various COeQ)lnatlon
of swirl strengths and confinement (Turbine [nglne _ot
Section Technology. 1955, 1986. 19B7). Measurements
of mean and turbulence quantities, for both gas an_
solid phases are being made using a I-Component Phase/
Doppler LDV particle analyzer (NcOonell et el.. 1987).

Calculatlons were performed for all test cases
wlth a two-dlmensional TEACH-type nonreacting turbulent
viscous two-phase flow code before the exoerl_nts _erl
begun. Data and both prevlous and advance_ model
calculatlons are being compared as data are oOtalne¢
(MostaFa etal., 19B?, 1988; Nlk)ooy etal., 1988).

In the first series of tests, the developing
regions of unconfined llnqle end two-phase flows, wtth
lOS _m glass beads, have been exa_lned experln_ntally
and analyltcally for parttcle-to-g_s mass Ioadlngs of
0,2 and 1.0. Oatl anl calculations for t_e litter Ire
shown In rlg. 11. A two-component PhaSe/Doppler sys-
tem vas used to map the flowfleld, including particle
number density, an¢ two orthogonal components of veloc-
ity for both phases.

Calculations are shown for both deterministic and
stochastic treatments Of the particles, using a t_o-
phase k-m model. Both treatn_nt$ of the particles
give the same gas-phase awlal velocity profiles, how-
ever. the st_hastic appr(_ch, which attempts to _Odel
particle/gas phase interactions, QiVeS better agree-
mint for oar_Icle ouantttles than the deterministic
appro&cn which ignores turbulence interactions.

Another experimenta| program was conducted to
o_taln lnfor_tton on the characteristics of the spray
produced by a gas tur)Ini fuel In,actor (KcVey etai.,
19BBa. 19BBb). The ob_ectlve of thls Study was to
o_taln spatlally-resolved information on both the
liluld inO gaseous phases of the spray flow field under
conditions of high-flow, high velocity, an¢ hlgh swlrl
that are typical OF engine operation. Measuren_nts
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were eade wtth a hlgh-resolutlon spray patternator, a
t_c_nent laser vel_Ineter, Ind a slngle-c_ent
Phasu/O_ppler parttcle analyzer.

The coeprehenslve expertmntal dati generated tn
these programs wt11 be used to valtdate idvancedn_x:fels
of turbulence, scalar, and spray transport, Including
t_O-equatlon turbulence Models. algebraic and differen-
tial Reynolds stress models, scaler and scalar-velocity
transport mo_els, and Zulertan and L.egringtan _etermln-
Istlc and stochastlc spray _dels.

SUM_RY

A1th_gh sI_nlflcant progress has been made In
the deve1_nt of three*dlmenslonal analytlcal CFD
c_es and thelr app1|catlon In future gas turblne cam-
buster debtor, these codes |re neither sufficiently
c_rehenslve nor quantltatlvely accurate enough to
permit e c_pleta destgn &lone. They are. hoverer, a
valuable component In an evolving c_ustor deslgn

methodology tn .htch thetr capabiltt_ ts Integrated
utth the substantial base of emplrtcil experience and
one-d1_enslonal Flow modellng.

CONCLUD%HGREHARKS

The NASA HOST s_nsored Aerothernal _ellng
Phase 11 pr_rams will lead to slgntflcant 1_rove-
tents In our technical ablllt_ to predlct nonreactlng
gas turbtne comOustor flow fields wtth and without
spray ln_ectlon. Significantly enhanced capeb111tles
for accurately predlctlng c_ustor aerother_l per-
formnre and wall tiRerature levels and gradlents
wtll require further improvements In nu_rlcaJ schen_es
and _hyslcal submodels. _t ts equally lm_rtlnt to
collect fully-specified relct¶ng flay data, stmilar to
_at I$ being done for nc_nreactlngflows under HOST
Phase %%. for both co, lax constltuent flows, and
generic gas turbtne c_lbustors,

In parallelo work should c_tlnue tn the for_ula-
tton and systematic valtdatfoe of turbulent conCusSion
m_Jels for reecttng sprays end multidimensional heat
transfer models. These capabiltt|es will prov|de the
tools needed to Inllytlc111_ conduct the combustion
tr&de-_ff studles so that Opt_Jm future combustion
systems can be _as_gne_. fabricated, and developed
_Ithln acceptable cost _nd schedule const_alnts.
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A_T_CT

The objectives of the HOST Turbine Heat Transfer
subpro_ect were to obtatn a better understanding of the
phystcs of the aerot_er_odyna_ic phenomena and to assess
and improve the analytical methods used to predict the
flow and heat transfer In high-temperature gas turbines.
At the tim the HOST project was Inttt&ted. an across-
the-board Improvement In turblne destgn technology was
_eeded. A building-block approach yes utilized and the
ras|arch ranged fro_ the study of fundamental phenomena
and model|he to experhNnts |n simulated real engine
envlronments. Experlmental research accounted f:r
approxt_tely 75 percent of the funding while the ana-
lytical efforts vere approxlhttely 25 percent. 4
healthy governmentltndustryluntverslt partne,'sh!y , p, with
tndust_y providing aleost ha1_ of the research, was
crested to advan¢e the turbine heat transfer design
technol_y base.

_OH[NCI._T_R[

ax airfoil axle1 chord

¢ blade tip gap

Cx axlal flow speed

O _et diNeter/blade tip cavity depth

d ¢c_lant channel hydraullc dla.eter

H heat transfer (oefftclent

1to reference heat tr, nsfer coef@tctent

HZ Seater exit _aPh n_mber

Nu NUssllt number

N.o reference Nusselt number

Pc ¢¢olent pressure

_t gas stream pressure

R radius

Re2 s)ator exlt Reynolds number

Rex local Reynolds number

Tc coolant tuperature

TG gas stream temperature

TW atrfoll ten_erature

Tu turbulence Intensity

S surface distance

St Stanton number

Sto re£erence Stanton number

U gas stream velocity

rotor wheel speed

Uw _vlng surface veloclty

u' instantaneous velocity

V coolant velocity

H blade tip cavity width

X exlal length

e ingle betwsen mean velocity end ma_or tip ¢lvity
axis

X length scale

rotatlonal velocity
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INTROOUCTION

Improved performance of atrcraft gas turbine
engines is typfcally accompanied by Increased cycle
pressure ratio and toe,buster exit gas temperature. Ihe
hot-sectlon co_gonents of these turbo_etlturbofan
engines are subjected to severe aerotherml lOadS during
the mission flight profile. Meeting the design goals Of
high cycle efflclenty, Increased durability of the hot-
section co_¢onents, and lover operating costs requires z
multtdlsclpllnary approach. Turbine Heat Transfer was
one of the stx disciplines addressed in the multtdfscl-
pllnary Hot Section Technology (HOST) Project.

Hhen the MCST Project w_s originally being planned,
StepKa (1gaOl, one of the originators of the pro_ect.
performed an uncertainty analysis on the ability to pre-
dict turbine airfoil temperatures. He estimated that
the then current ablllty to predict metal temperature In
an operating engine was within lO0 K and that by testing
prototypes this could be refined to within 50 K. He
also suggested that the uncertainty In heat flux was on
the external or the hot gas side surface of the alrfoll
was a principle contributor to the inablllty to predict
metal temperatures; _wever, both internal and external
surface heat transfer were important. These levels of
uncertainty In metal temperature can contribute to an
order of n_gnitude uncertainty tn cocpo_ent life.

A typical cooled aircraft gas turbine blade is
f:lustrated in Ftg. 1, showtng the Intricate internal
flow passages and the vartety of heat transfer me¢ha-
nlsms at work. These include: impingement cooling,
serpentlne passages with turbulator surfaces, and pin
flns, all In very short (t.e., entrance length) dls-
tances and subject to strong rotational fortes. In
addition, since =oat blades are fllm cooled, the inter-
nal mass balance ts a variable. The complexity of the
external flOW field over the turbine blade IS illus-
trated In Fig. 2. Heat transfer In the external flow
field ts characterized by: high Reynolds nu_er forced
convection with rotation, high free-stream turbulence,
strong pressure and temperature gradients, surface cur-
vature, and an unsteady flow fteld. In addition, and
most important, the Internal and external surface heat
transfer coefficients are coupled through the metal
wales. Z_ fact, the turbine airfoil Is a very compact.
very complex, and very efficient heat exchanger. Thts
feature tS particularly important in a durability pro-
gram, SUCh as HOST, where the real focus is on the thor-
N1 stress and fatigue of the structur_l elements.

Thus, In the HOST Turbine Heat Transfer Subpro_ect
tt was 1_k0ortant to direct research attention to _th
the Internal end external surfaces of the turblne
airfoil.

In the multfdlsctpllnary HOST Pro_eCt each part|c-
teasing discipline selected lts own ob_ectlve based on
the greatest _eed In that particular area, rather than
some common Interdlsclplinary goal. In Turbine Heat
Transfer it was decided, based on evaluations of the
type performed by Stepka (1980), that an |truss-the-
board I_0rove_ent in turbine heat transfer technol_y
was needed. A ratchettng up of the overall technology;
a moving free a correlation base to e more enalyttcal
base was identified aS the Turbine Hilt Transfer Sub-
project goal. It was also identified that the existing
data base was insufficient to support thlS movement and
inert|sing both the SiZe and quality of the data bast
was essential. It was further recognized that HOST
alone could not achleve this 9eel. It was hoped that
HOST COuld be a sufficient catalyst and provtte a suf-
ficient forum to eake this goal one that all of the
partners; gOverntert, industry and untverslttes; would
find obtainable an¢ worth pursuing,

This pa_er outltnes t_e program directed at these
goals. The paper w111 de1_neate D-ogress towards the
goals by re,fling example results fro_ each of the
varlous research activities. It viii summarize the
ma_or accomplishments anO wtll make so_e observations
on future _eeds.

TURBINE HEAT TRANSFERSUBPROOECT

The research program Of the Turbine Heat Transfer
Subpro_ect was based on the Idea that an across-the-
boer# Improvement in turbine design was needed. It was
also based on an overall philosophy at NASA Lewis
Research Center of taklng a buildln9 bloc_ approach to
turbtne heat transfer, as shown in Fig. 3. The research
ranged from the study of fundamental phenomena and mod-
ellng to expertmnts tn real engine environments. Both
experimental and analytical research were conducted.

Returning tO FigS. Iano 2. the ran2e of phenomena
addressed in the Turbine Heat Transfer Subpro3ect are
Identlfle0 by numbers and arrows on these figures. The
corresponding research programs are Identified In
Tables 1 and 2. One can see from these figures that the
Turbine Heat Transfer Subpro_ect covered most of the key
heat transfer points on the turbine airfotl: ftlm
co01ed alrfolls, passage curvature, endwall flows, tran-
Sttlontng blade boundary layers, tlp regions, and free-
stream turbulence on the external surfaces. The
subpro_ect included Implngement and turbulated serpen-
ttne passages on the Internal surfaces. The program
broke some new ground. An experiment was conducted.
whtch obtalned heat transfer dkta on th_ surfaces of the
atrfolls In a one and one-half stage large low speed
rotating turbine. Another experiment acquired #ata on
the lnternal turbulated serpentine passages sub3eet to
rotatton at engine condltton levels. Finally, vane _eat
transfer data were acquired tn a real engine type envi-
ronment behind an actual operating ¢o_ustor.

Over the 1tie of the HOST Pro_ect a llttle less
than 5.5 mllilon net research dollars were invested In

the Turbine Heat Transfer Subpro_ect. AS shown in
Fig. 4(a), there was a healthy government�industry/
university partnership with Industry provlding al_st
half the research effort. Approxl_tely three-fourths
of the effort was experitental, as shown in Fig, 4(b).
The me)ortty of effort established a large number of
ma_or experimental datasets. These datasets have been
well received and ere expected to provide benchmarks
for turbine heat transfer for many years to tome.
The analyses covered a wlde range. Including a three-
dI_nslonal Navter-Stokes effort; however. _Ost of the
analytic effort was focused on modellng local phenomena
of key importance. _he scope _n_ range of the program
Is best seen by examtnlFg representative results.

[XPERIHEHTAL DATABASE

The e_perimental part of the Turbine Heat Transfer
Subpro_ect consisted of six (5) large experiments and
three (3) of somewhat more modest scope and _as struc-
tured to address the phenomena identified In Figs. I
and 2. Three (3) of the large experiments were con-
ducted in a stationary frame of reference and three (3}
wart conducted In a rotating frame of reference.

St_tt_ona_/ Reference
One of the tnttial research efforts was the stator

iirfoll heat trsnsfer program performed at the Allison
Gas Turbine Plvlslon (Nealy St al.. Ig_3; Hyiton etal..
Ig83; Healy et If.. 1984; Turner etal,, 1965; Yen@ et
al., 1985). This research consisted Of determining the
effects of Reynolds numbnr, turbulence level, M|Ch
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nu_er,tempe-ature ratio, acceleration, and bouPd-
ery layer transition on heat transfer c_FFtctents _or
var4ous alreoil georaetrles at simulate= englne condi-
tions. Tnls research was conducted for nonfttm-cooled
airfoils, showerhead film-cooled designs and showerhead/
_fll-regton film cooling concepts. Typical results of
this research ire sl-x_wnIn Fig. 5. A typical cascade
configuratiOn iS shown In the photograph (fig. sea)).
Tvo-dlrten_ionaleldspan heat transfer coefficients and
static pressure distributions were measured on the cen-
tral airfoil of the three vane cascade. Nonfilm-cooled
data are shown (n Fig. S(b) where the I:x)undary layer
transition is clearly iCentlfled as a functlonof
Reynolds no=bet on the suction surface. Figure S(c)
SHOWS the efre:t on heat transfer In the dOWnStraan
recovery region tO the ao_ttion of showerhead f11_ cool-
Ing, Data are presented as _ Stanton number reductlon.
J de_rimental effect Is noted in the boundary layer
transttlon region of the suction surface to the addition
m_ss at the leading edge. Figure sad) Shows a strong
dependence On "gill-region" flln cooling which ts con-
sistent with experience. However, when c_btntng
showerhead with glll-reglon ftl_ cooling nora baass addi-
tion IS not always better as 4ndicated by the Stanton
number redu¢tlon data on the pressure surface, lhiS iS
a very extanslve datasot vhlc) systematically shows the
important effects of modern fil_ cooling $chems on mod-
ern airfoils. It went beyond the tradltl_al effective-
ness correlations to provide actual heat transfer data.
It should provide e valuable basellne for emerging anal-
ysis codes.

An investigation of secondary flow phen_ena In a
gO_ curved duct was conducted at the University of
Tennessee Space Institute (Crawford et el, 1985). Th,
curved duct was utilized to represent airfoil passage
curvature without the complexlty of the horseshoe
vortex. These Oata consist of simultaneous three-
dlmenslonal man value and fluctuating components of
velocity through the duct and c_pll_nt sl_llar d_ta
In the llt,rature: A schen_tlc of the test facility
and the three-dlmnsaonal laser velocl_t,r are shown
In Flg. 6. The first phase of the research examined
flows with a relatlvely thln inlet boundary layer and
low free-stream tu_'bulence. The second phase studied a
thicker inlet boundary layer and higher free-strea_ tur-
bulence. Typical experl_ental esults of thls research
are sh_n in Fig. 6, The vector plot of cross-f!ow vel-
ocities clearly shows the development of a vortex In the
duct corner near the low pressure surface. The analyt-
teal results will be mentioned in the Viscous Flow
Analysls section. These data provide a cocprehenslve
benchmark t_ verlfy codes at realistic flow conditions.

T_ experlments _ere also conducced &t NASA Lewis
In the hlgh-pressure fac11Ity (Gladden et at., IggSa;
Gladden et el.. 1985b; Gladden et el.. lOB?; Hlppen-
steele et el.. Ig85). Thls facility was capable of
testing a full-slzed _tngle-stale turbine at slmulaled
real engine conditions, lhe tests, however, were lim-
ited to corablnmdco_bustor/stator experlmnts. One
expert_nt examined full-coverage film-cooled stator
airfoils, while the Second experiment uttllzad s_e of
the advanced Instrumentation developed under the tnsiru-
_entatlon Su_proJect. A _o_parlson of experlmental elf-
full temperatures wlt_ temperatures o)talned from a
typical design system showed substantial differences for
the full-coverage, flip-cooled alrfolls and suggests
that _odels Oerlve¢ frothlow-temperature experlmnts are
inadequate for "real-englne" conditions. The aCvanced
Instru_ntition tests de_n_tr_ted the capab111ty and
the challenges of maturing heat flux and tl_-rtsolved
Eas temperature fluctuation In a rsal-englne
envlronm,nt.

Typical results are shown In Fl_. ? for thin fIl_
ther_couples and the dyna_$c gas temperature probe
tested a sl_lated real englne condition. A comparison
is made between stea_y state halt flux _easurements and
those determlned fro_ dyn&ml¢ slgnal analysis
techniques.

Stanford University has conducted a syste_atlc
study of the physical phenomena that affect heat trans-
fer In turbine airfoil passages, lhelr recent exPerl-
_ental research h_s been concerned wltb hlgh free*stream
turbulence intensity and large turbulence scala that
•Ight be representative of ¢o_bustor exit phencwnen&. A
schematic of their free Set test facility and typical
results are shown In Ftg. 8. Data are _easured on a
constant temperature fiat plate )ocated at a specified
radl_l and axial _tstance from the _et exit centerllne.
These data, presented as Stanton number ratios, indicate
that heat transfer augmentation can be as high as SX at
a high value of free-strea_ turbulence Intensity but
only 3X If the length scale Is changed. T_ese results
suggest that the deslgner must know _ great deal more
about the aerodynamic behavlor of the flow field In
order to successfully 9redlct the thermal perfor_nance
of the turbine co.ponents.

Prior to the advent o_ the _ST program. Arizona
State University was pursulng a syste_atlc study of
l_plnge_nt heat transfer ,Ith Cross-flow characteristic
of turbine airfoil coollng schemes. The worn yes Inl-
tlally Sl_sored by a N_SA Lewis grant but was subse-
quently funded by the HOST program. The results of thls
research are sunu_arlzed in Florschuetz et el. (IgBIa),
Florschuetz et el. (lg82b), Florschuet_ et el. (1982c),
Florschuetz et el. (1983). Rlchards et al. (1984)o
Florschuetz et al (1984), Florschuetz et el. (1987),
Florschuetz et el, (19gS), F1orschuetz et el. (1984).
Zn addition to the many geometry variations, t_Is
research also investigated the effects of varlous _et-
flow tO ¢rossflcm ratios and differences between the
]et*flo_ and the cross-flow te_erat_re. Correlations
w_re developed for both Inllne rows of Implngement Sets
and staggered arrays d _ets but without an Initial
cross-flc_w. The effects of cross-flow and re.eraSure
differences were than determlne; r,latlve to the base
correlatic_s.

Rgtatlna Reference
In the rotating reference frame° experlmental aero-

dyna_Ic and heat transfu_ ;_easure_ents were made In the
large, low-speed turbine at the Onlted Technologies
Research Center (Drtnget al., Ig8/; Ortng et al,,
lggSa; Orlng et el., l_a6_; Orlng et el., 1986c; Blair
et el., lg88: glair et el., 1988). Single-stage data
with both high and low-Inlet turbulence were taken in
phase I, The second phase e_amtned t one and one-half
stage turbine and focused on the second vane row. Under
phase [[I aero=ynasic quantltlcs such as Interrow tl_-
averaged and rms values of velocity, flow ingle, inlet
turbulence, and surface pressure dlstrlbutlo_s were
_asure_. A photograph Of the test facility Is shown in
Fig. 9. Typical heat transfer data for both the first
stator and rotor are also ShOWn. lheSe data show that
an increase of inlet turbulence has a substantial t_adt
on the first stator heat transfer. _wtver, the tmpagt
on the rotor heat transfer Is minimal. These data are
also cC_par,d wlth Stanton numbers calculated by a
_undiry layer coda and the aSsunitton that the boundary
layer yes ,Ither laminar (LAMe or fully turbulent
(TURB). These assumotiohs generally bracketed the data
on the suction surface of both the stator end the rotor.
However. the heat transfer on the pressure surface.
especially for the hig_ turbulence case, was generally
above even fully turbulent levels on both llrfoIIs.
Pressurl surfaces have tradltlona)ly re¢,lved Jess
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attention than suction surfaces. The high heat trans-
fer On the pressure surface Is not readily explainable
and Calls for additional research, especially n_dellng.
on _essu_l surfaces.

The tip region of rotor blades iS often e critical
region and an area that suffers substantial daNge from
the high te_enture environment. Arizona State
University has experimentally modeled the blade tip
cavtty region and determined heat transfer rates Dya
mass transfer analogy with naphthyhne (Chyu et if..
1987). A schemttc of the test ts Sho_ntn Fig. i0.

The blade ttp cavity is a stationary mode_ and the
relative velocity of the shroud ts represente¢ by a
moving surface at a specified "alp' spacing from the
blade. Stanton number results for two _tfferent cavity
aspect ratiOS are also ShOWnIn Ftg, 10. The heat
transfer c¢ the surfaces next to the shroud are ltttte
changedby the aspect ratio which ts not surprising.
Nowever, the heat transfer to the floor of the cavtty
is Increased significantly on the downstream portion aT
the lover aspect ratio. Also shownIn the ft_ure ts the
flow angle effect on heat transfer. Becauseof the air-
foil turning at the ttp the cavity Nil1 bt at different
angles of attack to the meancrossflow direction. The
date shows a mint_l effect at an &suect ratio of 0,9
and a substantial effect at an aspect ratio of 0.23.
This dataset is really quite a new addition tea tradi-
tionally nqlocted area end shows that wtth careful
datisets and nnalyses one can obtain an optlmd _esign
for tip cavities.

The p_eceedlng studies were focused on the hot-g.
side phenomena. Since the heat transfer phenomenais
driven by the hot-gas fide conditions, It is appropriate
to concentrate resources on this area, However. the
coolant-sf_e heat transfer Is also Important. There*
fore. c_l&nt passage heat-transfer _nd flow re_sure-
nmnts in a rotating reference fran_ were also obtatned
at Pratt _ Nllltney AtrcnftlUnlted Technol(x_ies Research
Center (_pper, 1Ke; Sturgess et el., lg8?; LOrd
et aT., lg87). (xperlMent_l data were oot_tned for
smooth-wall serpentine passages and for serpentine pas-
sages with skewedand nor_C turbulators. The flOW and
rotati_ conditions were typical of those found In
ictunl engines. Thls was e very realistic experiment.
Date for b)th the sn_th-_all and skewe¢turbulator p.-
SqlS are shownIn Fig. 11 for rodlal outflow, repre-
senting only a ttny fraction of the total data Involved
In thts very complex flow. Both datasets are Shown
correlated with the rotation number except for hlgh
rotation nu_ecs on the high pressure surface. This ts
an erie that requires addlttonal research tO understand
and n_lel the physicalphen_ena occurringIn these
passages.

ANALYTICALTOOLS

The analFic parts of the turbinehilt transfer
subpro]ect are charecterlzed by efforts to adapt exist-
ing codesand _nalysesto turbineheat transfer. In
gen,ral, these codes and an(Llyseswere welles_abllshed
before g_i )l¢_e Invol_ed;however,the eppltcatlons
were not for turbineheat transf,r, and extensiver,vl.
ston has oftenbeen required. In sune casesthe ana-
lyticend e_perlmentalworn were part of the Slme
contract,

-layercode (Cra_ord it el.,
1976) (which was deve1_ed on NASA contractat $tanforO
UniversityIn the mld-lgTO's)was modifiedby Allison
_s TurbineOhlslon to defi_estartt.g pointsand
transitionlengthof turbulentflow to acc_date
their data, with end _IthOut ftlm c_ltng, as well es
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data in the llterature. Specificrecon_ndatlonsare
_de to i_proveturbineairfoilheat transfer_odellng
utilizinga boundarylayeranalysis. Theserecor_en-
darleneaddressthe i>ouncaryconditions,the initial
c_dltion specification,Includlngboth velocityand
therPalprofiles,and _odlficatlonsof conventional
zero order turbulence models. The results of these
Improvements_re shownIn Fig. 12 wherethe startof
transition and Itsextenton the suctionsurfaceare
r.sonaOly well characterized.For the case of she.at-
head file c_[Ing, two emplrlcalcoefficientswere uti-
lizedto _odify the fr,e.streamturbulenceintensityand
the gas sir.® enthalpy_ondary condltlonsand perslta
representativeoredictlonof t_e Stantonnumberre_uc-
tlon In the recoveryregion. Boundarylayer_eth_s can
be used for eldspananalysis,howeverthey requirea
realisticdata base to providethe coefflct_ntsneeded
for prooer reference.

In another _undiry layer code effort Un1¢td Tech-
nologies Research Center usesseO the applicabilityof
tts three-dlmnslonelboundarylayercode to calculate
heat transfertotalpressurel_ss and strta_llneflow
patternsIn turbinepassaps. The resultsIn_Icalea
strongthree-dlmenslonaleffKt on a turbine blade, and
agrees qualitativelywith ,xperlmentaldata. The saee
code_as n_dtfted for use as a two-dimenslonalunsteady
code in order to analyzethe rotor-statorinteraction
phenomena(Versa.11_5:Andersonit el.. Igeh: Anderson
et el., IgeSb;Anderson,19Kc). Thesecodes also
neede_data as input.

Finally.a fundamentalstudyon numericalturbu-
lencemodeling,directedspeclficdlyat the airfoilin
t_e turbineenvlron_nt,was conduct,dat the U_Iversl)y
of Htnnesot_. ^ modified for_of the U_eremhorst low-
Reynolds-numberk-e turbulence _odel _as developed to
predicttransitionalboundarylayerflows undercondi-
tions characteristic of gas turbine blades(Schmidt
et el., 1987) Includlngboth free-strta_turbulenceand
pressuregradient.

T_e purposewas to exten¢previouswork on tur-
bulenc,_odellngto apply the _el to transitional
flows wlthboth fr.-stream turbulenceand pressure
gradients. The resultsOf the effortare cc_q_aredwith
the experimental date of Allison Gas TurOlne Dlvlston
in Ftg. la. The augeenta}ton of heat transferOn the
pressure surfece over the fully turbulent value Is pre-
dlctedreasonably_e11. )n _ddltion,when an adverse
pressuregradientcorrectionIs utilized, the suction
surfaceheat transferdata Is also predictedreasonably
w,ll.

Thts was a reasonibly good beginning to estab-
lishing a methodology for movingaway from the he,vy
dependenceon e_plrlca3 constants. AlthOUghbounoary
iaylrmethodsdll neversolvethe wholeproblem,they
will alwaysre_alni_portantanalytl¢tools.

ViscousFlow Analysls
The three-dlmensionalHavter-St_esT[AC_code his

been modlf_edby Pratt_ Nhltneyfor applicationto
internalpassagesand to incorporaterotationalter_s.
The modified code has been deliveredto _SA Lewis and
tested o_ so_a single geodetic cas,s, lh, results Of
thtS effort indicate that the code is qualltitlvely
adequate for stmple geometries. For geo_ltrlls of
practicalinterest,much work remainsto be done to
bring the internalpassageco_utatlo_elcodasup to
the level of proficiencyof the free-str._ codes, ;or
the externalairfoilsurfa¢,leport_ntanalyticprogress
is Oetngnade. B_ contrast,the workon internalpas-
sagesIs stlllprimitive, The internalproble_Is su)-
stentl_ilyr_re c_ple_,

A fullyellipticthrt,-di_enslonelNevier-Stokes
code has been underdevelopmentat ScientificResearch
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Associates <SP-_) for ma_y years. Thls code was pr|mar-
11y directed it inlets and nozzles. SPA. Znc., haS
modtfle¢ the code for turbine appllcatlons (Nelnberg
It i].. 19851. This tncludss grid work for turbine air-
foils, adding an energy equation and turbulence model-
tng, and improved user frtendllness. The beat transfer
predictions from the HINT CO_e are shown In FiQ. 14 com-
pared to the data from the Alltson Gas Turbine research.
The analytt_allexperimental data comparison ts good,
however, the locatton of boundary layer transition was
specified fo_ the analytical solution.

The University of Tennessee Space Institute also
developed a three*dtn_nSlonal vtscous flow analysis
capability for the curved duct experiment utilizing the
P.D. Thomas code (Thomas, 19791 as a base. Som anal-
ytical results from thts code are shown tn fig. 6 where
a vector plot of the cross-flow veloclttes are compared
with the axeertmnt. In addition, e stream sheet is
shove as tt ;ropigates through the duct and is twisted
ant stretched. Additional comparisons of analysts and
e_pertment show that the thln turbulent bouneary layer
results of this experiment are dlfftcult to calculate
with current turbulence models.

COtCLUDII_GR[HARKS

Since thts piper is an overview of the Turbine Hilt
Transfer aspects or the HOST Crogras it has been pre-
sented as a cataloging and sum_rt_Ing of the vartous
activities. Nora Importantly. the ItOST program should
be viewed as a catalyst bringing to_ether the gas tur-
bine co.unity and building a technology n_ntum to
carry advanced Dropulslon systems Into the future.
Speclftcally, the IIOST Turbine Heat Transfer Subpro_ect
can point to the foll_tng acco.pllshments.

1. The Impact of axial Spicthg and Inlet turbulence
on haas transfer and aerodynamics thrOughOut the stator-
rotor-stator of a stage and one-half axial turbine was
masured. Htgh-tu_bulaflce and post-transitional effaces
on the pressure surface of both stator and rotor can
cause the Stanton number to b, greater then th, fully
turbulent value.

2. R|ynold$ number, Math number, curvature, and
wall*_o-gas temperature affect_ on I_ndary layer trans-
111(_ and heat _rinsfer were determined for a s_ator
airfoil.

3. ihowerhaad and "gill-region" film-cooling were
Shown tO have both beneftclal and adverse effects on the
recovery region he_t transfer at isolated engine condi-
tions whlCh depended on specific operating conditions.

4. Heat Transfer in both snbOoth-wall and
turbulatad-will serpentine rotattng coolant passions
were correlated with a rotation nueber for the low-
pressure surface. The fllgh-presiure surface heat
trlnsfar wls not wet1 correlated.

5. Blade tip cavity heat transfer was shown to be
strongly dependant on the cavity aspect fetid and angle-
of.ittac_ to blade tip flow direction.

6. Heat transfer asasuremnts In hlgh-turbulen¢e
intensity flow fields, simulating c_bustor exit
phano_na, shows lugmentatton rates of 3X to SX depend-
tng on the length _cale of the turbulence,

7. Ieproved deflnltton of the Inltlll condlttons
and boundary conditions whtch are applicable to turbtna
atrfo11s was successful In ieprovtng the prediction of
atrfoll hilt transfer for a wide range of geometries
using the STA_5 boundary layer COde.

8. Thl &Im-gre_orst low-Reynolds number k-a tur-
bulence _dol was ,lOdlfied to also Improve the prediC-
tions of alrfotl ;teattransfer under transitional flows
with both free-strum turbulence and pressure gradients.

g. A fully e11Iptlc eerier-Stokes code was devel-
oped for turbine airfoils and Includes turbulence model-
ing, an energy equation and improved user frtendllness.

Frequ,ntly, heat transfer is a limiting factor in
the performnce and durability of an engine. However.
as we continue to pursue higher and higher speeds,
advancing technology becomes an tnterdtsctpllnary effort
involving aerothermal loads deflnltlon and the struc-
tural response Of advanced nterlals. Thtsts espe-
cially true for hypersonic vehicles where the overall
thermal management and design of the ve_Icle and t_a
propulsion system become an integrated interactive
entity. He now have, or are ¢avelo¢Ing, tre_ndous
analytical capabliltlas with w_Ich one can attac_ these
very complex technology Issues.

LOOKTO THE FUTURE

Nany recant studies have been n_de to assess the
air©propulsion technology requirements Into t_t 21st
century. The consensus seems to suggest that stgnlf-
tcint technology advances _re required _o meet the
(pals of the future. Whether the go.is ira htgh speed
sustained flight, single-stage-to-orbit or subsonic
trans_rt, thl issues for the designer are Improved
fuel efficiency, high thrust-tO-weight, lnq)roved
component performance whlle malntatnlng c(xqponent
dura)lllty and reduced operating and Bintenance
costs. These Issues wlll only serve to Increase the
"opportunities" available to the researcher In auto-
ther_l loads and structures analysis. The verifiable
pr,dlctlons of'unsteady flo_fi,ld$ wit_ significant
s,condary flow phenomena and coupled t_ermal/velocity
profiles Is a fartll, research area. Very llttl, pro-
gress has baen_de to date In applying CFD techniques
to the Intrlcat* and cockolexcoolant cnannols required
In th, hot-sectlon c<_nponents. Hlth the expected
advanc,s in hlgh-temperature mterlals the COmPon,nts
wlth significant aerother_l loads pro)tams wlll expand
b_yond the airfoils and C_ustor mln,:: to shrouds,

rims.seals h_z/les, etc. $ O a s e ¢ -
nology advances requlrld to provide the ierOprOpuls1on
systems of the 21st century are quite challenging.
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STRUCTURAL ANALY$18 METHODS DEVELOPMENT FOR TURBINE
HOT 8|GI'ION COMPONENTS

R. L.'llhOml_n
Nntk)na(AeronauticsInd $_ Admlnl_rmiion

Lm|$ Rtwuch¢onwr
Cm_i,nd_Obl_

ABSTP_CT

That paper summarizes the structural analysis
technologies and activities of the NASA Lewls Research
Center's gas turbine engine Not Section Technology
(NOST) program. The technologies synergls_tcatly
developed and vlltdated tnclude: time-varying thermal/
sechanical load models: component-specific automated
geo_qetrtc _odeling and solution strategy ¢apaOtltttes;
advanced Inelastic analysis methods; inelastic constt-
tutlvem)dels: high-temperature experlmnta! techntquss
and experiments; and nonllnear structural analysls
codes. Features of the program that incorporate the
nIw _echnologtes and their application to hot section
CO¢_onant analysts _nd d|stgn are described. Zmprove¢
And, tn tome cases, first-time three-dlmen_Ional non-
linear structural analyses of hot sectton components
of lsotroptc and entsotroptc ntckel-b|se Superalloys
are presented.

IKTROOUCT|ON

Hot sectlon components of aircraft gas turblne
engln,$ are sub_ectld to severe thern_l*st_uctural
loading conditiOnS during the engine mission cycle.
The most severe and damaging stresses and strains are
thOSe tnduced by the steep ther_l gradients which
occur durtng the startup and shutdown transients.
The translQnt, as well as steady state, stresles and
strains are difficult to eredtct, In pert, because the
temperature gradlents and distrlbutlons are not well
Kn_nwnor reaOily predictable and, In part. because
the cyclic elasttc-vtscoplastlc behavior of the mte-
rials at these extremes of temperature and stral, are
not well known or reedtly predictable.

A broad spectrum of structures tel|ted technolooy
programs his been underway at the NASA Lewis to address
these deficiencies at t_e basic as well as the applied
levels, with putlclpatlon by industry end universities.
One of these _rogra]; was the structures ele_nt of the
turbine engine _t _actlon Technololy (HOST) program.
in, structures _|em_nt focu(ed on three Key technology
areas: inelastic constltgtlve n_lel devllop_nt,

three-dlmens_onal nonlinear structural methods and
co_e develoo_ent, and experl_entatlon to caltDrate and
validate t_a models and codes. These technology areas
were selecteO not only because todays hOt section com-
_nent designs are mterlally and structurally diffi-
cult to analyze _lth existing analytical tools, but
because even greater _e_nds wlll be pl&ced on the
analysis of advanced designs. ;t is the need for
i_roved engine performance (higher te=peratures.
lower coollng flows), lower engine weight, and
l_roved englna reilabillty ,nd durablllty which will
require advanced analytical tools and expmnded experi-
mental capablllttis.

Because _aterlals used In today's turbine engine
hot s_ctlon COmponents are operating at elevated
te_=erature, ti_t-lndepen_tnt (plastic) and Sloe-
dependent (creep and stress relaxation) _tterlal
_ehavioral phenomena _¢cur Slmultaneously, and their
phenomena wlll be exacerbate0 In future component
designs. Classical elastic-plastic theories, where
creep and plasticity _re uncoupled do not aOequately
charactert=e these interactive phenomena. These
Interactions are captured with inelastic (vtscoplasttc
or unlfled) constitutive _dels. UnOe_ HOST. several
vlscoplastlc models were developed for hlgh-temperature
Isotroplc and antsotroplc nlckel-base superalloys used
in hot sectlon co=ponent;. These xdels we_e incorpo-
rated In several nonlinear threa-di_enslonal struc-

tural analysis codes.
The enAlysls den_nds place= on hot section compo-

nent designs result not only fr(wnthe usa of advanced
n_terlals an¢ their characterl=atlon, but also from
the use of new and Innovatlve structural daslgn con-
cepts, l_er, Is an obvious nae¢ to devm!_ advsnc,_
cocputatlonal _thcxls and codes, wlth the focus on
i_proved sccuracy end ,fflclercy, to predict nonlin-
ear structural response of advanced c_¢,ponentdesigns.
Under HOST, el)roved tln_-varylnl thsr_l-_chanical
load _del$ for the ,ntl_t engine .)$$1on cycle fr©_
startup to shutdown _ere _evelopad. The thern_l _:del
r,flne_nts are consistent wlth those required by the
structural codes, Includlng conslderatlc,lsof _Sh-
point imntlty, strain ¢onctntr_tlon$. and therma! ira-
dlents. An muscatel cor_ponent.sp_clrlcge_et-iC
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modeling capability _icn wtll produce three-dfmensIonal
flnlte element models Of the hot sectton ¢onponents
was also developed. Self-adaptlve solution strategies
were developed and tncluded to focllltate the selec-
tion Of aDpropT|a_e ele_nts, rJesh sizes, etc. New
and tmroved _onlinelr three-dimensional structural
analysts codes, Including tin_oral elsmnts wtth time-
_epo_dent properties to account for creep effects In
the _atertals and ¢ocnponents. were developed. A data
transfer w_ule was developed to _utc_attc_lly trans-
eer ten, statures fro_ flntte difference and flntte
element thermal analysis codes to finite elemnt
scructural analys_s codes.

Esseotta_ for the confident use of these _odels
and structural analysts cod_s In the analysls and
=estgn of hot section co_onents ts their c_libratton
and valldatlon. Under HOST, expert_ntal facilities
were upgraded _nd experiments conducted to calibrate
anO validate the models and codes developed. Unique
,n_ax_al an_ aultiaxlal hlgh-tecperat=re _herconec_an-
i¢il tests _ere conducted, In addition, unique ther-
eorechantce] tests on secttons oF conventional and
&ava_ced combus_or ilners were ¢o, ducted In the Struc-
tural COmponent Response rig at _SA Lewls. Exten-
sive, quality databases were te_e_ated. Advance= stratn
and temperature tnstrun_ntatton was also eva!uated,

Table I Is a surgery of the co_traets and grants
that _e_e In Integral part of the structures element
u_der HOST. The research efforts O_ the grants anO
contractS, as _ell as In-house eff_ts. _re described
In the p_per along with the _OSt significant of the
_ny acc_pltshmnts For each. Figure ! sutmartzes
the nonlinear structure1 enllys_s technologies and
activities under hOST.

ISOTROP_C_ATERZAL H3_[LZ_tG

jg.uth_estResear:h _Stt_ute C_ntrac_
Unified constitutive _¢elswere developed For

structural analysis of turbine engtna hot section c_-
ponents under NASA/HOSTcontract _AS3-2392S, "Consti-
tutive Hcdellng for [sotroplc Materials' (than at el,,
Iga_). Ourtng thts pro_ect, two exist_n_ mdels of
she unified type we-e ¢eveloped for application to
tsotroplc, c_st. n_cket-base alIO_S _sed for elf-
=doled turbine blades and vanes. The two _odets are
those of _alKer (1981), and of Bodner and _artoa
(1975). Both n_lels were de_nstreted to yteld good
correlation _ieh experimental results for two alloys:
Pi_ a11oy 81gOO, Hf and I_R-H247. The e_peri_ental
correlations were Rade wtth testtng under unl&xlal and
blaxtal tensile, creep, relaxation, cyclic, _nd ther-
_oetc_antcal loading c_dltlons over a range tn strain
rates and temperatures up to 1100 "C Also. both
• odels were t_pleme_ted In the HARC ,_onltne=r flnlte
element =c_cuter code _tth test cases run for l
notched round tenslle spoc_mn and an airfoil portion
Of a typical cooled turbine blade.

Typlcel results of tharn_nechantcel striln
cycling or BlgOO.Hf n_te_tal are show_ In Figs. 2
and 3. _n Fig. 2, _a Sho_ a stngle sg¢CIM_en cycled to
saturation it 538 *C, & tel=stature _ncrease tO g82 'C
with saturated loo_ a¢hteved at that te_pe,'ature, and
a return to 538 *C, all under constant strain rings
control. Two observetlons evtdence absence of themlt
_lstory effect. The high-temperature excursion
resulted tn no change tn the h_steresis loop at 538 *¢,
and the Cycll¢ sCrei,_ range assocleteO with a given
c_cltc strain was the Sam under thls type of nonlso-
thermal htstory as under strlctly Isothermal Cycling.
aS ShOWntn Fig. 3, 80th types of cycling agree wtth
the 8odner-Parto_n_lel predlct10n which tS based on
Isothtrr_l date Only.

A Second example !s the analysts of an atrf011
Of a typtcal cooled turbine blade. Simulations were
run in _htch a classical creep-_lastlctty model was
to,pared with the Halker and Bodner-Pe_to_odels for
Sl_OO,Hf =aterlal. The etrfoll was exercised thrOugh
three full f11Eht spectre o? taxi, take off. climb.
cruise, descent, tax1. and shutdown. Co, put=lionel
efficiency wtth the unified n_dels wu as good or
better than _fth a _ore classical elastlcplastlc
approach. The effective stress versus strain response
at the alrfotl critical location ts co_pared tn Ftg. 4
for all three constitutive _odels, The unified _o_eis
yield very statler results but substantially different
*tom the classical ereep-plastlclty =ode1. Unfortu-
nately, no experimental results are available or east_
Obtainable _or thls c_plax problem.

In sugary0 the progr6m has demonstrateO that re"
the cast nickel-base alloys stud_ed. 81gOO, H_ _nd
HAR*_Z4/, both Isothermal and nonlsother_l complex
lotdlng histories can be _ell predicted using the _._t-
fled constitutive model approach with all necessary
material constants dertve0 solely fro_ Isothermal test
_ata.

The progra_ Bas also de_nstrated rather conclu-
sively that the untried constitutive _odel concept ts
a very powerful toot for predicting _stertal response
tn hot sectlon coe_nents u_der complex, tim-varying.
ther=on_ch_nlcal loadln_s. /hlS confidence ts g31ned
fro_ extensive corral&lions between two extsttng
n_d_ls an= a targe base of experimental data ¢ove_lng
the range In stress, strain rate. aria temperature oF
interest. The unlfted COnstitutive _de!s hive also
been demonstrated to be Com_tatlonally efficient when
Incorporate= into a large flnlte elecent co,pater code
(HARO.

(lectrlc Contract
17T__o_els were also developed

and validate= for structur_l _n&tysts of tur=lne
engine hOt section components under NASA/HOST contract
HAS3-23927. "Constitutive Hodeltng for Isot_o_lc H|te-
rtals._ (Ra_aswa¢_, 1986). As part of thls effort.
severa_ vi_¢oplasttc constitutive theories wire evalu-
ated against a large untextil and =ultlaxtal data bast
on Ran6 BO =atertal. whtch Is t cast nickel-base alloy
used in turbine blade and vane applications. _ntt_all_,
It was the intent to evaluate only available theories;
he,ever, i_ wlS found that no availebll approach _aS
satisfactory In _deltng the hlgh temperature time
dependent behavior of Renl 80. Addtt_onal considera-
tions t_ _odtl development Included the cyclic soften-
Ing behavior of Renl 80. rite Independence at lo_er
tea=statures, and the development of a new mdel for
static recovery. These considerations were Incorpo-
rated In a new constitutive =odel vhlch was Imple-
mented _nto a ftntte elemnt computer code. The code
was Oeveloped as a part of the Contract specifically
for use with untfled theories. The code _ls vertfied
by a reanalyses of the turbine ttp aurab111ty proble_
which wls part Of the prI-HOST activities at General
[lactrlc.

iyptcal of the miny results obtained fr_ this
effort are the _ulttaxtal ther_n_mchlnical c(_parisons
shown In Ftgs. S and 6. Figure S shows that "=- new
theory can predlct gO* out-of-phase tension/torsion
experimental results at elevated temperature with 9odd
accuracy. Figure 6 s_ows a comparIson of prediction
wlth exPeri_ntai data f_o_ico¢Olned temperature and
strain cycling tests. There is reasonably good agree-
_ent bmt,.n predictions and experln_nt considering
the predictions art _ased O_ly on iSOthermal d_ti.

:!,' i



Toe theory vat Implemented tote a new three-
diwnstonal fln¶te element code which uses a 20-.ooed
brlck client. The program uses a dynamictime Incre-
mentlng procedure to minimize cost vhSle guaranteeing
an accurate solution. The InelaStic rate equations
ud state varlable evolution equetions ere Integrated
using e second order Adams-Xoulton predlctor correc-
ter technique. Ptecevlse linear load histories are
modelled tn order to stmpllfy Input. Further econom-
ics have ©men achievedby Imprc,/Ingthe stebllltyof
the Inltlelstrelnm,thodand furtherreducingthe
number of equilibrium Iterations.

_n sum_ry, a new multlaxlalconstitutivemdel
whichcan representthe ccxnple_nonlinearhigh temper-
atureoehavlorof Reel 80 was developed, lhemodel
was extenslvelyverifiedbasedon date at Severaltem-
peratures. The thern_chanical proportionaland non-
proportional cyCltC _eltng capabilities of the model
were de,narrated. The model_as l_lenented In a
three-dlmenslonalstructuralanalysisfiniteelement
code end i turbineblade was analyzed.

Uplver$1tvof Akr(xIGrant
- Man_ vlsc_lastlc constltutlvemodelsFor high-
temperaturestructuralalloysare basedexcluslvelyon
uniaxleltest data. as previouslydiscussed. General-
l_ati_ to multla,lalstates of stress Is madeby
issumlng the stress dependenceto be on the secon_
principal lnvartant (32) of the devtatort¢ stress.
Frequently called the "effective" stress. Testing
other than uniaxlal,e.g.. shear,blaxle),etc..Is
generallydone tn the spiritof verlflcatto_testing,
not as part OF the data bite of the model. If such
e J2 theory, based on unlaxlal testtng, is called
upon to predictbehavtor under conditionsother then
uniaxtal, say pure shear, and tt _s so poorly,noth-
ing is left to adjust In the theory. The e_clustve
dependence on _2 must be questioned. For e fully
Isotropic _tertal _h_se Inelastic defor_tton behav-
ior $s relatlvelyindependentof hydrostaticstress.
the most general stress dependence Is on the t,o (non-
zero) principaltnvartlnts Of the dlvlatorlcstress,
J2 and J). These lnvar)an_s constttute._at Is
known as an integritybasis for the mterlem.

UnderNASA Granl NAG3-]Tg."AMultiaxlalTheory
of Viscoplasticltyfor Isotropic_tnr|als."
(_blnson. Ig84)i tlme-dependentdescriptionpoten-
tlal functionbasedon constitutivetheorywlth stress
dependence on J2 and. J3 that reduces to e known
32 theoryIs i speclal case was developed. The char-
acterlzatl_of vlscoplastlcltycan be made largelyon
unlexlaltestingbut the "strength"of the J3 depend-
ence must be determinedby testingother than unllx-
eel,e.g., pure shear.

Seuerel calculations hive )inn madeusing forms
of the functlonstn the mdel and associatedmaterlal
plri_etersthat are typicalof ferrltlcthree,e-based
and austenltic stltnless-steel alloys. Qualltittvmly
slmtlerresultscan be expectedfor nlckel-blsed
alloys. Figure 7 shows predictedhysteresisloops
ov,r a _o_stlntstrainrange SAc - 0.8 p,rcent)end
strain rate (_ , O.O011m). The curve labeled"unlax.
te1" can be thought of el hlvtng been carefull_ fit on
the basis of untixtal date, Predictions of purl their
response ere also ShOln, corresponding 20 different
vllulS Of ¢. A _2, 3) theory reduces to I J2
theory for C.O. [yen after tedious fitting of unt-
axial cyclic date, If t_e their preeiction dOeSnot
tort,late well with shear data. nothtn9 ci, be done In
e J2 theoryshort oF ¢_prgnitslng the unlaxlalcor-
_eletlons. The present Jig 33 theory allows sOn_
flex]bJJ]tytn accuratelypredlctlngresponseother

thanunlaxlal throughthe para._ter C. Note teat the
hysteresisloop labeled C • lO i)dlCeteSe cycllc
responsethat iS al_ut 20 percentstrongerthan the
J2 response(C - 0).

Figure8 showspredictionsof creepresponse.
i.e.,behaviorunder constantstr,ss. Here. the
straln-tlmecurvelabel,d"unlaxleland shear C - O"
represents both the uniaxlalresPonse (using the
strain scale on the left) end the shear response for
e J2 _teriil (usingthe strainscaleon the right).
[ac_ shear responsecorrespondingto a particular
velumof C is to be _easure¢using the rlght-hand
shear strain scale. _n cree_, the effect of the 33
_ependence appears to _e more Dro_unced than for
strilncycling. Here.for C • I0 the creepstrain
after 100 hr differsby a factorof 2 fro_ that for
the J2 response(C - 0).

ANISOTROP]CHATERIAL_¢)[LING

_nlverslty_f Connectlcu)Grant
* Nickel:biten_ocrystal superalloys have been

underdevelopmentby turbinemanuflciurersfor a
nueer of years. SuccsssfulIttes_tshave now been
_de undergreet _G]-512. "Constitutive14odellngof
SingleCrystaland Dlrecttonally_lldlfledSuperal-
logs," (Nalker, end Jordan.1987) to model t_e defor-
mationOehavlorof thesemmterlalsbased on both a
microscopicconstitutivemodeland a mlcromechanl¢al
formulationbasedon crystallolraphlcs11p theory.
These moOels have been progran_ne_as FORTRANsubrou-
tines under Contract NAt3-23939 tO Pratt and Xhitney
end tncluded in the V_R: nonlinear ftnlte element pro-
gr_m. They are currently belng used to stylise
thern_l/me:hlnlcal loading conditions expected at the
"fatigue ¢rltlca1"locationson a slngle crystll (PNA
14807 turbine _lade. Suchanalyses form a natural
precursor to the application of life prediction
eethods to gas turbine airfoils.

The difficulty In analyzing the deformation behav-
Ior of stngle crystml materials lies in their anise-
troplcbehavior. TwOseparateunifiedYlSCOplasttc
constitutiven_dels fer monocrystel PHA1480 have been
completelyformulated. In one n_del, the directional
propertiesof the Inelastlcdefor_tton behaviorare
achieved by resolving the sun_edcrystallographicsllp
systemstresses end strainsonto the globalcoordinate
system, In the other model,the :-,qulreddirectional
propertiesere achievedby operatingon the global
stresses and strelnsOlrectlywith fourthrank inls¢_-
Irony Sensors. The crystilioiraphlcsllp basedmodel
Is more accurateand _is more physicalsignificance
than the macroscopicmodel, but Is morecomputation-
ally Intensivethan Itsmcroscoplc counterpart.

The materialconstantsIn _th n_le!s can be
obtained from untaxlal teStS on (001) and (I11>
orientedunlaxlalspecimens,or from unlnxlaland tor-
sion testson <001)orientatedtubularspecimens.
8oth irodelsechlmvegood correlltlonwlth the experl-
_ntll date In the <_I> and <I11>cornersof the
stere_graphl(trlangli,and both n_xlelscorrectlypre.
dlct the e¢for_tlon _ehavlorof specleensorientated
In the (Oil)dlrectlon. Tee tenslon-torslonteStSon
tubularspeclmsnsorientatedtnth* <001> dlrectlon
were clrrledout at a temptrltureof 8?0 'C (1600 'F)
at th, Universityof Connecticut.Furthertestsat
temperaturesrangingfro_ room temperature_o I149 'C
(2100"F) have been carriedout' at Pratt an_ Hhltney
un_,r contractNA$3-2))39._ correlatlons_nd pre-
dictions ere uniformlyachievedit t,n_eratur,si_ove
649 *C (1200 *F), but furtherwork appears to bs nec-
essaryto correctlyn_delthe deformltlonbehavlorof
?HA 1480 _n_nQcryttal meterlalbei_ _49 *C (1200*F).

'I/ Ir,



Univers!ty qf Clq¢tnna_t Grant
Nickel bast stn¢le crystal superalloys nave

attracted¢onslderableInterestfor use In gas turbine
Set engine because of their superiorhtgh temperature
prbpertles. In polycrystalllneturbineparts,rupture
is usuall)due to crackpropagationoriginatingat the
grainboundaries. Sincesinglecrystalalloyshave no
grainboundaries,use of the alloy has sl(nlflcant
advantages @06 increased strength and longer itfe.

Undergrant NA63-511,"Anlsotr_IcConstltutlvm
_odellngfor NickeL-BaseSingleCrystalAlloy Renl
N4," an anlsotro,l¢ cc_stltutlven_xlelwas developed
based on a crystail_raphlcapproach. The current
eabatlon;_ifled a previousm_el proposedby Pan_
and Stouffer(Ig86)where a _dner-Partontequation
with only the drag stress was used to model the local
Inela=ttc response tn ,ach sltp system. Their model
was consideredsuccessful for predictingboth the
orientatlondependenceand tenslon/compresslonasy,_e-
try for tensileand creephistoriesfor ;inglecrystal
alloy Ren_ N4 at 760 _¢ (1400*Ft, He.ever,certain
priers|as includingfatiguewere not satisfactorily
modeled, A back stressstatevariablewas incorpo-
rated Into the localsllp flow equ_tlonbased on the
_lerved experimentalobservations.Ho(Ielpredlcta-
)Illtywas i.provedespeciallyfor mechanicalproper-
ties such as Inelastlcityand fatiguelends,

Figuresg and I0 are typicalof the numerous
resultsobtalnedfro_ thts effort. [xper_mntal data
and predictedresponsesof tensileand cycliccondt-
ttons for different SpeCINn orientations are co_Qareo.
Shownin Fig. g are the experlmnt.l data in 1100]and
[111] orientations whlch Yere used to determine Rate-
rlal ¢onstants. The responsein (110]orlentatlonIs
th, predictedresult. The modelpredictedvery well
the elasticrnodull,hardeningcharacteristics(the
knee of the curves)and the saturatedvalues. In
rig. I0. cof,parlsonssnow the model predictsvery well
the cy¢llctenslon/c_oresslonasyc_etry,hardening
cbar¢cterlstlcSand rate effect_or the 11003orlenta-
tion. The predictionof the hystersisloo_was based
solelyon saturatedconstantsdelermlnedfrom tensile
tests.

Unly_ AkronGran_
Struciura-a|loys_sed in _lqh-tempea_ure-appli-

catlo.sexhibitcomplexther_chanlcal behaviorthat
Is elm-dependent and hereditary.Recent a_ttntlonIs
beingfop,sadon _tLl-matrlx c_slte msterlalsfor
aerospaceapplicationsthat, at high temperature,
exhibit_]t the complexitiesof conventionala11oys
Ce.g.. creep,reTaxatlon,r,covery,rate sensitivity)
an_. In addltlon,exhibitfurtherco(nplexltlesbecause

their stronganisotropy.
Under grant NAG3-371,"A =ntlnuum Oeformat!on

Theory for H,ta1-HatrI_ Co_osltes at Htgh Tempera-
ture." (Rcblnsonet el.. IgB6)a contlnuumtheorywas
developedfor reoresenttngthe high-temperature,
tlme-dependent,heredltaryderorn_tlonbmhaviorof
_mtalllccompositesthat can be idealized_s oseudo-
_c_ogtreou_ continuaw(th locallydefinable dlrec-
tional characteristics. _omgenlzatton of textured
mitirlalS(_leCular, granular,fibrous)and _p_llcl-
Ollityof continuumrechanlcsIn structuralappllca-
tlonsd_pendson cnarecteristlcbody dl_,anslons,the
severlty_ gradients(stress,temperature,etc.) in
i_e structure and on the relative size of th, inter-
nal structure (cell size) of th$ material. [xamlna-
tton reveals that the appropriate conditions are _,¢
in a SlgnlflPantlylargeclass Of antlclpafedaero-
spaceeppllcatlonsof n_talllccomposltosre )ustlfy
researchInto the fo:'_ulatlonof contlnuum-:assd
tneorles.

_0

?he _tartln_pointfor the theoreticaldevelop-
_nt is the assumedexistenceof a dissipationposen*
tealfunction Q for a co.peeledmaterial:that iS a
t,o constituen((flberlmetrlx),pseudoho_geneous
_t_-lal,

The _tenti_l function is of the form

• _(_), =$), Otd)° T) (I)

Inxhlch _11 denotesthe co_ponentsOf (Cauchy)

stress,¢I) lhe com_nents of, ttnsorlalinternal
statevarllble(internalstress),dld_ the components
of a directionaltensor,and T the le_perature. The
syn_trtc tensor d(d) ts formed by ¢ self product of
the unlt victor dl _enotlngthe l_al fiberdlrec-
tlon. Accountcan be takenof _ore than a singlere=-
flyof fliersInh,rentto the contlnuu_el,mane.

_he present theory haS been l_plen_nted into the
¢on_erclalfiniteel,_nt code_RC. Severaltrial
calculationshave been madeunderunlaxlal¢o_dltIons
usingmatarlalfunctionsand parents,rethat approxl-
_te a tungsten/copperco_poslteaterlal. A trans-
verselyleotrop(ccontinuumelasticitytheoryhas been
used tn COnjunctionwlth the gretentvItcoplastlc
bheory. The results of the calculations show t_e
expectedresponSeSof rate*dependentplasticlty,creep.
and relaxation as well as appropriateanlsotroplcfea-
tures. Predictions of relaxationand h@steresls loops
for differentfiberorientation;ngleson a tungsten/
copperllkematerialare sho_n In Figs. II and 12.

COH_UT_TION_._H[T_ODS_O _OOEO[VELOPHENT

_tnsral.E1ectr1_,_ntract
It has becc_eapparentin recentyears that there

tS a serious problemof Interfacingthe outputtemper-
aturesand temperaturegradientsfrom either (he heat
_ranufer codesor engine tests wlth the tnput to the
stress_nalyslscodes. Hith the growthIn computer
postprocessors,the analysisof hot sectioncovenants
using hundreds and even thOuSands of nodes tn the heat
t_ansferend stress_odelshas becomeeconomicaland
routine. This has exacerbated the problem of _anual
transfer of output three-dt_ensional tam)eraSures free
heat transfercodes to stress analysisInput to where
the engineeringeffortre(ulredis c(_parableto that
requlredfor the remainderef the analysts. Further-
mOre, a ¢onslde-ab+eamountof approximation has been
Introduced inan effort to accelerate the process,
Thts tends to Introduce errors 1ned the temperature
data which negates the t_provld accuracy tn the tem.
pl.aturedistributionacMeved through use of _ fine
_sh. There Is. then,a strongneedfor an auto_atl¢
thermalinterfacer=odule,A modulewas developed
undercontract flA13.23272, "aurner Liner Themel/
Structural LOadNodellng,"(Met'fee, 1984).

The overalloh)motivesof thlsthern_llstructural
transfermodulewere this it handleIndependentr4sh
co,ftgur_tlons,finite _tfferenca and ftnlte element
heat transfercodes, per¢ormthe transferIn an aceu-
rat, and efflcientfashion and the total systembe
flexible for future applications. Key f¢lturas of the
code develled Include: Independentheat transferand
stressn_lel _tSheS.accuratetransferof thermaldata,
¢(_%outetlonallyefficient transf,r, user @rlendlypro-
gram, flexl)le system, Inter,el¢oordlnatetransfor_-
tlon$,kuto_etede_terlorsurfacingtechnlqutsand
ge_ttrieal and temporal wlndowIngcapabI1_ty,

A seh,_attc Of tha _ansrar _._,)ysIs_oee CT_AH-
PITS) ts Shp_n in Fig. 13. The modulecan process
heat transferresults directlyfrem thl _AR¢ _flnlte



element) and SINDA (finite difference) programs and
v111 output te_erature Information In the forms
required for HAR¢ and Ikb_STRAH. The tnput end outpu_
routines In the m_)dule are very flexible and could
easlly be nN)_lfted through e neutral file to except
data frcxnother heat transfer codes and fore.st date
to other stress analysis codes.

?nls _hermal lo4d transfer _dule has been sho.n

to efflc|ently and accurately transfer thermal data
from dissimilar heat transfer meshes to stress meshes.
The fundiu_entai part of the code. the three-dimensional
search, interpolation and surfacing routines, have much
mote potential. They form an outstanding foundation
for automatlc construction of embedded _shes, local
element mean refinement, and the transfer of other
r_chantcal type loading.

_n_r_l [le;trtc_ontract
The overall objective of thts program we; to

develop and vertfy z serles of Interdtsclplinar¥
nKx;lelln? and analysis techniques specialized to
address hOt sect|on ¢omponents. These te¢hntoues
Incorporate data as well as theoretical mthods from
many diverse areas tncludt.g cycle end perforrunce
analysts, heat transfer analys_s, linear and nonlin-
ear s_ress analyslSo and mlsston analysls. Building
o_ the proven techniques already available tn these
fields, the newmethods de_etoped through this con-
tract were integrated into a system which provides an
accurate, efflclent, and unified approa¢h to Analyz-
ing hot sectton structures. The methods and codes
develope_ under this contract, NAS_23687. "Com¢onent-

t " H nl hSpectflc Hodel ng.( cK g t, 1905) predict temperi.
turps, deformation, stress and strain histories
throughout a co.plate fllght mtsston.

Five basic n_xtules were developed and then linked
together with an executive module, They are:

(1) The Thern_)_ynamtc _ngtne _odel (TDEM) which
Is the subsystem of ¢o_uter SOftware. It translates
a list of mission flight points and delta tl_es into
time profiles of ma_or engtne performance parameters,
Its prmsent data base consoles ¢_§-50C2 engine per-
forn_nce data. In order to adaot this system to z
different engine requires only the restoeklng of this
data base wtth the _ppropriate engine performance
data.

(2) The Ther_od.vnamtc Loads Hodel (TDLN) which is
the subsyste_of C(Xnput,r s_ftwir_ which works with
the output Of the TD[H tO produce _he mtsston cycle
loading on the individual hot section components.
There are separate Seg_nts for the combustor, the
turDtne blade, and the turbine vane. These segments
translate the ma_or engtne perfor_nce parame:er pro-
Xies from the TDEH Into profiles of the 1o¢_1 thermo-
dynamic loads (pressures. temperatures, rpm) for each
component, The forn_las which perform thl s mapping in
the TOLNfn0dels were developed for the speclfic engine
components. To adapt these models to a different
engine would require evaluating these formulas for
thetr st_Iktton capeblllt_ m_d _king any necessary
changes.

(3) The Component Specific Structural H_dellng
which ts _t nears of the gec_etrl¢ modeling en_ mesh
generation ustng the recipe concop:. A generic geog,-
try pattern is determined for etch CompanionS. A
recipe ts develctped for this basic geometry tn terms
Of point coordinates, le_gths, thicknesses, angleS.
and raOtl. These recipe parameters ere encoded in
computer software as variable input pera,_terS. A Sit

of default numerical velues are stored for these
parameters. The user need only input velues for those
parameters which ere to _eve different values. These
recede parameters then uniquely define a genertc co_-
poment wtth the defined dimensions. The software
logic then works with these parameters tO develop
flnlte ele_nt n_xlel of this ge(_metry conslsttng of
20-noded tsoparametrtc elements, The user specifies
the nu_er and diStribution of these elements through
input control parameters. Figure 14 SHOWSthe generic
geometry end recipe for a combustor liner panel.

(_) The subsystem which performs the three-
dimensional nonlinear finite element anelysls of the
not section component model and was developed under
the NASAHOST contract NA53-23698, "three-dlmenslonal
Inelastic Analysts Methods for HOt Section Structures."
This software performs Incremental nonlinear finite
element analysis of complex three-dl_nslonzl struc-
tures under cyclic ther_(_nechenlczlfeeding wlth tem-
perature dependent material properties and material
response behavior. The nonlinear analysis considers
both ttme-lndependent and tic-dependent material
behavior. Among the constlt,tlve _odels available ts
the Halsler-A11en classical mo_el which performs plas-
ticity analysis wlth Isotroplc m_terlal response,
klnemailc material response, or a comblna)Ion of iso-
tropic and Klne_tlc material response. This Is co_k-
blned wlth a classlcal creep znalysls formulation. A

_)or advance in the ability to perform tic-dependent
analyses Is a dynamic tlme Incre_ntlng strategy
incorporated in thlS sol)ware.

(S) The COSHIOSyStem which consists of an execu-
tlve module which controls the TDEH, TDLM, the geomet-
ric _odeler. the structural anaiysls code. the file
struciure/data base. and cerialn ancillary modules.
The anclllarymodules consist era band width opti-
mizer module, a deck generation moOult, a remeshlngl
mesh refinement module and • postprcctsslng module.
The executive directs the running of each module, con-
trols the flow of data a_ng modules and contains the
selfadaptlve control logic. Figure 1S lsa fl_ chart
of the COSHOsystem showing data flow and the action
poSltiOnS of the a_sptlve controls. The sodui_r design
of the syste_ allows each subsystem to be vle,e_ as i
plug-ln module. They cam be abstracted And run alone
or rip]need with alternate systems.

The tdeas, techniques, end c¢_npute¢software
develooed in the _ponent Specific Nodellng program
have prove_ to be extremely valuable in advanclng the
productivity and deslgn-analysls cepeblllty for hot
sect$on structures.

_n_l [lectrlc Contract
Under NASAcontract NAS3-23698, "Three-Dimenslonal

Inelestlc Analysis Hethods for HaL Section Compo-
nents," (HcKnlght mt el., 1185), a series of three-
dimensional Inelastl¢ structural analysis ccM_)uter
c_es were developed and dellvered to NASA Lewls.
Th, oh)active of thls pr_ram was to develop anelytl-
cat methods capable of eveluatlng t_t cyclic tlml-
dependent inelasticity which occurs in hot section
engine components. _cause of the large excursions in
tempereture associated with hot sectton engine COmpo-
nents, the techniques developed must Pe mole to accon_
_Uate large variations In materiel behavior Includln(
plesticlty and creep. To meet this ob3ectlve, Gener¢l
[lectrl¢ develope_ a matri_ consi_;ttngof three con-
stltuttve _od,ls and three element for_letlons. A

sepia'ate program for eech c_)ptnatlon of conitltutlve
n_lel-element mo_el was written. _aklng e total of
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nine programs. Each program was given a stand alone
capability of performlng cyclic nonlinear analysis.

The three constitutive r_xlels are in three dis-
tinct forms: t simplified theory (simple model), a
classical theory, and t unified theory. In an tnelu-
tic anelysts, the simplified theory uses a btllnear
stress-strain curve to getermlne the plastic streln
ano a power taw equation toobtain the creep s_ratn.
The sicond medel ts the ¢lassical theory of Haisler
and Allen, The third _el Is the unlfled _xlel of
Bodner and Partc_. kll of the models were programmed
for a linear variation of loads and temoermture= wtth
:no material properties being temperature Oependenl.

"he three elenmnt formulations used ere an S-node
tsodaramelric shell element, a 9-node shell element,
and a 20-node tsoparmmetrtc solid element. The g-node
element uses serendipity shape functions for Interpo-
_atlon an{ Gausslan quadrature for numerical Intelra.
tide. Lagrange shape functions are used in the )-node
element. For numerical Integra)lon. the 9-n_e ele-
ment uses Stmpson's rule. The 20-node solid element
uses Gausslan quadrature for Integratlon.

For the linear anilysls of structures, the nine
codes use a :locked-column sKyllne, out-of-core equa-
tion solver. To analyze stroctures with nonlinear
ma(ertil behavior, the codes use an Initial stress
Iterattve scheme. Attken's acceleration scheme was
In¢orperited Into the codes to tncrease the conver-
gence rite of the Iterltlon scheme.

The _D111ty to _del plecewlse 11near load hlsto-
rtes was ,rttten into the codes. Since the lnelutt¢
striln rite can change dramtlcally du_Ing a 11near
iced history, a dyne=Ic tlme-lncrementlng procedure
was Included. The ma_l_u_ inelastic strain incr,ment,
mextmbm stress increment, and the maxtmu_ rote of
cnange of the Inelastl¢ strain rite are the crlterla
that consrol the stze of the time step. The minlmu_
time ste= calculated free the three criteria ls the
value that Is used.

In dynamic mnalysls, the elgenveclor= and elgen-
vllues can be extracted using etther the determinint
search technlque or the subspace iteration method.
These methods are only included wlth tllOse finite-
ele_en¢ codes containing the 8-node shell element.

Pratt a_ndHhltney Atrcraft¢ontract
The oh)active of the workdo_ under contract

NAS3.23697. "Three*dlmenslonal Inelastic Analysis
_ethods for Hot Section C_ponen:s." (Xikazawe. 1987:
Ntlson. and Baner_ee. 1986) was to produce three new
c_puter codes to permit lccurate end efficient three-
elmenslonel inelastic analysis of combustor liners.
turbine blades, and turbine vinos. The three codes
developed are calledMC_4_1 (Mechanics Rf )eterlals
I_odel). MHOST(HARC-HCST) a_d BIST (_undery _lenwInt
_tress Zechnol?gy). These codes embody e progression
Or mathematical nlodgls for increasingly comprehensive
representation of the geometrical features, ioadtng
conditions, and forms of nonllneareklterlal response
that distinguish the three groups of hot section
eG(nlx)nent$.

_pftware In the form Of stand-alone codes was
developed by Pratt and Ehltney klrcrtft (PHA) with
assistance from three subcontractors: _RC Analysis
Research Corporetlon (MARC). United Technololy
Research Center (UTRC), and the State University of
New York at Buffalo (SUNY-B).

three Increasingly sophisticated constitutive
_dels were Implen_r,ted In MOb_, HHOST. and BEST to
account for tnelastlc materiel behavior (plasticity,
creep) in the elevated temperature regime. The s|m-
plifled _de! assumes a billneer approximation of
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stress-strain res_nse and glosses over the cc_npltca-
Sloes associated wlth steele rate effects, etc. T_e
state-of-the-art model partitions time-lndependent
plasticity and tlme-dependent creep in the conven-
tional way, invo_Ing the van _Ise$ yield criterion
and standard (I$otropl¢. kinematic, combined) harden-
ing rules for the former, anO a power law for the lat-
ter. Nalker's viscoptasticlty theory which accounts
for the interaction between creep/relaxatlon and plas-
ticity that occurs under cyclic loading conditions.
has been adopted as the advanced constitutive model.

MOldX- This is a stiffness method finite element
code _ utiltzes one-, _- and three-dlmenslonal
arrays of beam elements to simulate hot section compo-
nent behavlor. Despite 11mitetlons of such been model
representetlons, the code wlll be useful during early
_hmses of component design as e fast. easy to _se.
computatlonally efficient tool. All of the structural
analysis types (static. buckling, vlbratlon, dynam-
ics). as well as the three constitutive models men-
tioned above, are provided by,_N]_,M.Capabilities Of
the cooe have been tested for avartely of simple
problem dtscre_lzattons.

_HOST - This code employs both Shell and solid
(brick) elements in _ mixed method freme_ork to pro-
vide ¢o_prehensive ¢apa_ilitles for investSgatlnG
local (stress/straln) and global (vlbretlon, duck-
ling) behavior of ho_ section COmponents. Attention
was given to the develop_nt of solution llgoriihms.
integration algorlth_s for stiffness, straln recovery
and residual terms, and modeling methods that permit
accurate representations of thermal effects on struc-
tural loading and materiel properties, is welt as geo-
metrical discontinuities.

The three constitutive _odels implemented are the
Secant elasticlty model, yon Mime's plastlclty l_del.
and _alker's creep plasticltymodel. Tempe-eture
dependency and entsotropy can oe o_talned through user
subroutines In _HOST. _onlinear transient analysis
and elgenvalue extraction for buckling and n_xlal
analyses are sc_e of the other tmoortant features In
the program, The improved algorlthmmodeis and finite
elements Implemented In the code significantly reduced
CPU (_entril Processing _nlts) time requirements for
three-dImenslona_ analyses.

To test the validity of the MHOSTfinite-element
code, considerable efforts were ma=e In applying the
code In different cases with results compared to _heo-
retlcal predlctlons or numerlcel values generated by
other codes. For example, the code was used in-house
tO analyze a General Electric CF/6-SO engine blade end
rotor model wlth data lenerlted by a computltlonal
structural mechanics simulator system. The simulator
system provided data, such &s pressure end terperature
distribution, centrifugal force, and tlme duration, it
vari(_Jsstages of flight. Figure 16 shows the varla-
tlon of the radical dlsplac,_ent of th, leading edge
tip I_ the static condttlo_ duvlng the ,ntlr, flight
without conslderetlon of the c, ntrtfugal force effect.

BE.=S_ -ThlS IS a qeneral purpose thr, e.
dlmenslonai structural analysts prOgram utilizing thl
_undary element n_thod. The method his _een t_ple-
monied for very general three-dlmenslonal ge_etrles,
end for elastic, Inelastic end (ynamic stress analy-
sts. Although the ?easibillty of msny o? the capeb11-
Itles provided his b,en d*monstret,d In a number Of
indlvldu,1 prior research efforts, the present code Is
the first in which they havl bten l_dt my&liable for
llrge scale problems in a single code. In tddltton,
Important basic edvenc,s have been made in a num),r of
areas, Includlng the dev,1opm,nt and Implementatlon of
a varlabl, stlffn,;s plastlclty elgorlthm, th, Incor-
l_ratlon of In e_bedded tide algorithm for elastody-
nemlcs &rd the extensive appllcntton of particular
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solutions wtthtn the boundaryelement method. _aJor
features presently available In the BEST3Dcode
_nclude: very general geometry definition, including
the use of double curved tsoparm=etrtc surface ale-
rents and volumecells, with provision of full SUb-
structuring capability; general capaDlllty for the
definition of c_lex, time-dependent boundary ¢ondi-
tides; capaHllty for nonlinear analysis ustng a
variety of algorithms, solution procedures and consti-
tutive mdels; and a very complete elastodynamlc capa-
bility Including provtslon for free vibration, forced
response ano transient analysis.

The B[ST3Dcode was validated by comparingpre-
dictions from BEST3Dwith those from theoretical
and/or numerical predictions and son_ experimental
data. For ,xm_le, results from a benchmark notch
test programwere used. Finite element and boundary
elemnt meshes for one-quarter of a specimen gage sec-
tion are ShOWnin Fig. 17. Heasurerents of notch root
stress-strain behavior for Initial uploldtngs were
comparedwith predictions (Fig. 18). Simulation of
flrst-cyclenotchroot behaviorwith BEST3Dwas proven
to be quite accurate.

[XPERIH_NTALFACILXTIES ANDOATA

Oak Rldqe National LabOratory Intera_enc¥ A_reen_nt
An experln_ntal effort was undertaken under

Interagency Agreement Number40-1447-84 and U.S.
Oepar_ent of Energycontract DE-ACOS-enOR21400 with
#artin Harletta Energy Systems Tnc., *'Determination
of Surface of Constant Inelastic Strain Rate at Ele-
vated Temperature," (Batttste. and Bail,I986).
Specie] exploratory multlaxta] deformation tests on
tubularspecimensof type 316 stalnlesssteelat
649 *C (1200 *F) were conducted to investigate time-
deoendentmterlal behavior.

In classlcelplasticitythe conceptof yield sur-
faces in multlaxlals)ressspaceplaysa centralrole,
not only in the definitionof initialyieldingbut In
determiningsubsequentplasticflow. At hlgh tempera-
turfs the deformatlonbehaviorof structuralalloysis
strongly time dependent. Consequently, the signlfi-
caflce of yield surfaces breaks down. and it has been
proposed teat in theirplace the conceptof lurfaces
of Eonstant Inelastic 1train rate (SClSR) might be
utilized. S_ch surfaces, called SCISRs, can De ShOwn
to have a potentialnature and thus constitute She
basisof a rationalmultlaxialvlscoplastlcconstitu-
tive theory,

A surfaceof constant Inelasticstrain rate was
detemlnad by Ioadlngthe speclmenat a constant
effective stress rate In the two-dlmenslonalaxlal/
torsionalstress state In variousdlr,ctlonsuntila
predetermined Inelastic effective strain rate was
reached. After each probe, the stress was returned to
the initial starting point; thus a locus of points
(surface of constant Inelastic strain rate) yam
established.

T.O types of tests w,re conducted. One test
specINn was sub_ected to a tlme-lndepmndent torslonal
shear strain test history, and sur@ice$ of constant
inelastic strain rate (SC|SRs) in an axial/torsional
stresss)acewere _asured at variouspredetermined
pointsdurlngthe test. k secondsoeclmenwas sub-
Jected to a 14-_ek time-dmoendent (creep-recovery-
creepperiods)_orslonslShearstresshistogram.
SCISRsdeterminationswer,mde at 17 pointsduring
the test. The testswere conductedin e high.
t,_ereture, cmcutir-controllidaxlaIltorsionelt,st
facilityuslngan Oak RidgeNationalLaboratorydevel-
©pad hlgh-tempiratur,multlaxlile_tinsc_t,r.

A key result Of this testing effcrt was that sub-
Faces of constantinelasticstrainrate existano can
be determined or ,_asur,d at an elevateU te_=erature.
650 *C. This Is sho_n in Fig. lg. The conclusion is
validatedor deducedby the executionof the test pro-
grams and _y the consistency of the surface results.
especially the repeated surfaces. To our knowledge,
this Is the flrst successfuldetermination of high-
temperaturesurfacesof constantIntlastlcstrain
rate.

Althoughconclusionsregardingthe effect of
these SCISRs data on differenlt_eorleswill be le£t
to the constitutiveequationdevelopers,several
results can be stated. First,the surfaces dld not
move or changeshape In the axlal/torslonalstress
state by any significanta_ount. Second,a deduction
that piastlcdeformations have a larger effect than
creep defor_tlons can _e stated. Third. SCZSRs
determined immediately after large plastic deform-
tlon ShOW_ore inconsistentresults than SCISRs_hich
have not un0ergone immediate prior plastic deforma-
tions. _ast, the extensometer systemand software
control system perfor_s_ extremely well In a diffi-
cult application.

_n-house Levt_w_.._esearcbCenterE,xpet._mental_aclll-
ties and Oats --

Unlaxial Test Swstems.Under HOST.recent expan-
sion of the untaxial testing capability Of the fatigue
and structureslaboratory Includedthe edditton of
four new test systems(Bartolotta,and NcGaw,1987).
One of thesesystemsis shownIn Fig.ZO. The load
rating for two of the new systems t_ =9072 kg
(¢20 ODDIb),and the other two at =22 680 _g
(¢S0000 Ib). Each system ts tqulppedwith a state-
of-the-artdigital controller. The _Igltalcontrol-
lers have the ability to complete a smoothcontrol
_de transfer,wnlch is accomplished eithermanually
or el,ctronlcaily.This featurewill make It possible
to conductso_eof the more c_plex teststhathave
been defined by the constitutive model developers at
NASALewis and elsewhere. Specln_nheat Is provided
by S KH radio frequency inductionheaters. Axial
strains are measured using an axial extenso_ster. To
study the effects of the environment on crash-fatigue
behavior, the t_o smaller load caoactty test systems
are equipped with environmental chambers capable of
providing a vacuumand/or an theft environment. The
envtronmtntaI chamber 19 able to sustain a vacuumof
2.6_x10-* Pi (2xlO"_ torr) with a specimentemperature
of 1093 *C (20_ *F). All systemsincludewater-
cooledhydraulicgrips for sl_le specl_n Installa-,
tton. By the meansof exchanging two collate these
gripscan be adaptedto handleeitherflat bar, s_oth
shank,or threaded-end specimens. Each uniaxlalsys-
tem has its o_n minicomputerfor experimntalcontrol
and data acquisition.Preliminarysoftwarehas been
developedby the experi_ntallststo conduct tests as
simple aS a low cycle fatigue test, and as complicated
as ther_ec_anlcal tests.

_la_ialies_ SyttemI. In many llfeand material
behaviormodels_mu]tla_lelrepresentetlonsare forn_-
fated by mo_Ifyln_ unlaxlal criteria. Unfortunately,
thl$ _ethcddoe_ not alwaysachlevetee accuracy needs0
to met dnstg_ goals of hot sectio_ components. In
response to this need for better life and material
behaviorpredlctlon$under co(nplux&taresof stress
and strain,a multiaxlaltestingcapabilityIs bnlng
developed. As an evolutlonarystep rro_a unlaxlal
test cape)Silty, e decision wasmade to begin wlth
blaxlel(axial-torsion)test systems(Fig. 21) and
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eventually progress to tr|axtal systems through the
use of internal pressure. Under HOST. three new olax-
eel test systems were added to the laboratory
(Bartolotta, and HoGan. 1987).

The load Frames for each test system are rated
for loads of 222 948 kg (=50 000 Ib) axlai and
z2824 H-m (zZS 033 ln.-Ib) torsional. Electronlcs
_or these systems consist of two servocontrollers,
t_odata display units. Function generators, an¢ 8n
.,sctlloscope. The two servocontrollers allow for
both independent and cocbtned control of axtal and
torsional loading. Each servocontroller can control
specl_en loading in one of three n_des: load. stratn
or stroke fo_ axlal loadtng and torque, torsional
strain or angular dlsplacement for torsional 1oadlng.
Data display units are used to _onttor analog data
slgeals, and provide an t_portant Interface between
the test system and the computer system. These units
can be programmed to perform a variety of signal pro-
cesslng operatlons,

The heating system For each blaxtA1 test syste_
consists of &n audio Frequercy induction generator,
an tnOuc_1on coil fixture, and a PID controller for
closed-loop _e_perature control. Each generator has
a icier o_tpu_ of SO kN at an operating frequency of
g.6 kH2. Audio frequency generators were :nosen
because of thetr ability to operate with mtntma) elec-
trtca? interference to instrumentation signals.

EaCh ax_al-_orslonal test system Is interfaced
wlth Its own mlnlco_p,ter. These _tntcom_ters. along
w'th the d_ta display units, are used for experimental
control and dat_ acquisition. Prellmtnar_ software is
being used to ¢oqduct stmple tests, whtle core compli-
cated test programs are still tn the'r developr_ntal
sieges.

A thin-y/ailed tube was chosen as the blstc speci-
men geone_ry. Thts type Of geo_etry has thE, following
adventeges: (8) easy decomposition of axial-torsional
components Of Stress and strain, (b) at high tempera-
tures thermal gredlents 8cross the die.tar t_e mini-
mal. ard (c) for ther_:_ech_ntcal testing, ccollng
rites are nigher.

_nta_talExoe.tmentalRes_lts. Extensive data-
bases for sever&] _&tertals have _een generated ureer
the grants an_ contracts previously discussed. Zn
the Lefts Fatigue and Structures _aborator_, a unlax-
lal aatabase on HastellopX, a nickel-base superalloy
used In hot sec¢ton co_ponent applications, _as gener-
ated (Bartolotta, 1985; EIlts at 81.. 1986;
9artolotta, _nd Ellis, 1987). These data are being
use_ in the development and calibration of constitutive
mde_s. ;n addition, s_e Of t_e data generatedwas
used tO address a number Of questions regarding the
vatidlty Of methods adopted tn characterizing the con-
stltuttve _de!s for particular hlg_-te_p_rature mate-
rials. One area of COnCern is that the m_Jorlty of
experlrlntal data available for this OurpOSe Ire
determlns_ under Isothermal conditions. This lS tfl
co, trait to servt=e conditions whtcl_ a1_ost el_ays
involve some form of there41 cycling. The obvious
question arises aS to _hether a constitutive model
characterized using an Isothermal data base can ade-
quately predict _atertal resgon_s u_der ther_o_dchantcal
conditions. Described here I$ an example of results
of the most recant tsothermal and thermocechan|cai
expertmnts conducted on Hastel;oy-X readdress thts
concern.

Results obtained from two untaxlal Isothermal
(20_ and 42S *C) and one out-of-phl_e uniaxial th|r-
mo_echantcal (200 to 400 "C) experlmlnts are presented
tn FI G, 2Z. The therrn¢_echanlc&l test waS conducted
in such t way that the Cech&r_¢al strain range and
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mechanical strain rate were slmilar to what _as used
_or t_e isothermal experiments. Because of the te_-
per[lure res_se 11mltstlons of the experiment
itself, it shc_Jld be noted that et the tensile peaks
of each tnerm_echanlcal cycle, the temperature under-
s_ot its lo_er l_nd by -S "C (195 °C instead of
200 "0.

Fro_ Ftg. 22 it can be observed that at the tenth
cycle of the isothermal tests the stress - Inelastlc
strain r,s_nses ar, sl_ilar. As for the thercom-
chanlcal teat, the stress - Inelastic strain res)onse
is slightly different c_ar,d to the Isothermal data.
This Is _robably due to the difference in _echanlcal
strsin range causeO by the temperature oversnoo_. As
can o, seen. the str,ss - inelastic strsln resl_nse
for the thermor_chanlcal experlnwnts seems to follow
_re closely that of the lo_er temperature lsothern_l
test. As cycling continues, the ther_echan_cal
r_terlal response seems to stsrt following that of
the higher temperature lsotherml experiment. Thts
observation w_S also observed tn another thermo_chan-
lull exoer_ent (400 to 600 *C), vhlch suggests that
this trend IS a general material hardening character-
Istic. _ut further InveStlgat_on will have to be con-
ducted before this can be confirmed.

Preliminary inelastic strain comparisons between
tsothern_l an_ thermomechanlcal experimental data have
proven useful In developing a better understanding of
ther=_echanlcal material response for Hastelloy-X.
From these types of co_parlsons it appears that
general thermc(rechanlcalmaterial behavior can be
extracted from Isothemal expe-imantal data, but
Informatlon concerning changes in matmrlsl strain har-
dening be_avtor must come from :her,_echantcal test
dais.

Tests on Haynes 188, a c_alt-based superalloy
used _n hot section component appllcatlon$ were also
conducted In the laboratory (Ellis et el., Ig87). An
example of the test results obtained Is presented. In
thlS example we are concern,d wltb determining the
stress levels or "thresholds" et which creep deforma-
tions first become significant in Haynes 168 over a
temperature range of Interest. A second s_ries of
experiments was conducted to establish _hether the
thresholds deten_ined under _o_otont¢ condlttons also
apply in the case of thermomec_anical lc_dlng.

As shown in 1able ZI, the threshold expert_nts
sho_ed the expe:te_ result that early creep response
is strongly temperature dependent. It can _e seen
that at G49 *C. stress levels _ust exceed 207 _Pa
(30 kst) before creep strains become significant
during the 1.S hr hOld periods. At temperatures of
760 and 871 *C. the corresPOnding valuesofstress
are 75.9 HPa (11 kit) and 27.6 HPa (4 ksi), respec-
tively. One t_portant point to be noted about thts
result Is that tt wo_Jld not have been pre¢tcted b3
Inspection of handb_ data. This is because mate-
rlal handbooks provide 1tttlm or no Informtlon
regarding the early stages of creep, It follows that
problems can arise if decisions regarding the need for
Inelastic analysis are based on casual inspection of
handbook _ata. The present study clearly indicated
that so_e form of inelastic analysis is necessary for
c¢_po*ents operating at temperatures es _tgh is 871 *C
if stress levels are expected tO excee¢ 27.6 HP8
(4 kst).

Turning to the results of the ther_o_fchantcal
,xperlrents on Haynes 188, ratchett_ng =ihavtor tun be
observed In the data shown In Fig. 23 for a mean
stre_s of 42.S HPa (6.17 ksl). In this case, the
creep stratn accumulated during cycle (I) was about
l_ _¢. On subsequent cycles, the creep occurring per
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cycle yes 50_¢ or less and the dita exhibited consld-
erable scatter. The reason for the scatter Is the
electrical noise _lch c_ltcated |nterPretatton or
the 42.5 HP& (6.17 kst) mean stress data.

The uterlal exhibited creep ratchettlng during
slmlated service Cycles. Thls result yes not pre-
dicted by analysts using currant constitutive _dtls
for Haynes 188.

Lev!s Annular Combustor Liner Te_t Fac111ty ttrQetpral
Comoonent ResPonse Rto

Segments, or cyl|ndrt¢a| sections of gcs turbtne
englne combustor ltners were radiantly heated tn the
Structuril Component Reslx_se rig shown in Ftg. 24.
Quartz lamps _ere used to cyclically heat the 20-tn
(O.S m) dlamter test liners. Thls resulted in axle1
and circumferential temperature variations as well aS
through-the-thickness temperature gradients In the
test 1thor stm111r to those of in-servlce 1triers. and
thus slmtllr thermally tnduced stresses and strains.
^ typical engine mission cycle (take-off. crulse.
landing, and taxi) of 3 tO4 hr was simulated in 2 to
3 mtn. The simulltld cyclic temperatures and temperl-
Sure gradients were felt to be adequate to capture
the tlme-lndepenCent and time-dependent tnterlcttons
resulting In deformation aS well Is the low*cycle
thermal _atlgue phenomena of In-service liners. The
prt_ary purpose of the rig was to generate large qual-
lty themon_chantc_l databases on cOebustOr liners
(Thocpson, and Tong, 1956).

The test program was a cooperative effort with
Pratt and _hltney Aircraft (P_), a dlvtslon of United
Technologies Research, last Hartford, Connecticut.
Pl_ supplted the test rig, whtch included the quart=
lamp heating system and several test llners. Lewis
provided the test factllty ant had the £es¢onstbtll-
t_es free tntegrltlng t_e test rtg tnto the test
factllty up to and Including conducting the tests and
acQulrlng the data. Lewis and Pl_ personnel developed
lutoeated computer control strategies, data acquisi-
tion systems, and methods for efficient data reduction
and analysts.

The quartz lamp heat:_g system conststsot
112-6-kYA lamps configured circuWerentt¢lly In IS
sectors, each havtng 7 lamps, this sySZK_, In addl*
tlon to drawing up to 672 kVA Of 480-V power, requires
3.S Ib/sec of mbient reinstitute air at 5 pSlg,
1.5 lblsec ambtent temperature atr at I ps_g and
aO eaIImln Of s_ctally treated water for cooling the
rig.

A natural-gas and atr mtxture ts burned In a tom-
buster ¢&n upstream of the test sectlon to provide
preheated ¢ooltng air to the test liner. Cooltng atr
ten, statures are controllable from 205 to 316 "C (400 tO
600 *F) by varying the fuellalr mixture title, The
test liner cooling airflow rate iS vart_ble from e_ut
4.0 to ?.5 Iblsec at 35 pSlg. 80th the cooling.air
temperature and flay rate can be varied to obtain the
destred ¢y¢11c re.eraSures on the test 1trier.

The annular rtg his six S-I_. diameter quirts
wlndov vlewports, three of vhlch are spaced it 120*
Spirt and Ire used to view the middle section of the
test liner. The other three, also spaced It 120'
apart, e_e used to vln the upstrem portlon of the
1lair tnd Its lttl¢hment ptece. These windows ire
rotlted 45" from the liner vtndo1_s, The quartz wln-
dO_S Ire air ind wltlr COOled. Through these _Indows
television, tnfrired, and h1¢h resolution cemres Ire
used to _ltor ltner c_ndttIon, temperature, and
defornltion, r'especttvely.

A microprocessor wtthe dull-10_P programmable
controller ts used to c_trol the I_er to the le_s.
A specified pouer-tt_4 _lstor_ Is progr_J_ed Into the

microprocessor, end the cooling atr temperature end
fla, rite are appropriately set so that _hen comblned,
tee destrea there1 cycle ts imposed on a ¢est liner.

Third, couples and an InFrared thermovtston syste_
ere used tO obtatn surface temperatures on the test
1leer. There Ire provisions for havtng _ total of
140 ther_oc_ples On the test liner. Both thermocouple
end thermal tmage dart are obtained on the cool slde of
the test specimen. Only thern_ouplt data are obtatned
on the hot stde (facing the quartz lamps) of the test
11nor. The ther_ocouple data provide temperatures at
dtserete i_lnts, whtle the infrared system provides
detatled maps Of CO01-Slde thermal Infor_tton.

The thermal 1maUlS obtatned from the tnfrared
capri ore stored on a VH$ _ape recorder, vtth the
clock time superlmposed on eac_ 1mtge. Lmges of the
test specimen of from Ibout 4 to &bout I In. In diame-
ter (for ftner resolution of te_perltures) can be
obtained with the 2oo_lnQ ¢apabllltyof the Infrared
system. Thirty thermal 1maUls are captured on tape
every seco_=. ^ computer syste= ts then used to proc-
ess, reduce, enhance, end analyze the transient tem-
perature tnforn_tton. These data Ire also compared
with the ther_ocouple data. Thermocouple data are
used tn the ¢lllbratlon of the tnfrared system.

Durtng a test run both the facilities data (pros-
lures flows, pover, et¢,) and the research data (prt*
n_ril 3 temperature) are acquired for each thermal
cycle using the ESCORTZ! d&ti acquisition s_stem =t
Le_ls. These data ere stored automatically once eYery
second on a r_tnframe co_n_uter for later reduction _nd
analysis.

Ltne_ Tests _d Rttu]ts
Two cO,buster liner segments were testeO tn the

Structural _ponent Response _ig. Ftrst, a convert-
tlonal li_tr or sheet metal sea_-welde¢ louver con-
structlo_ fr_ Hastelloy-X material (Ftg. 2S) _as
tested. Second, an advanced paneled 11nor (Ftg. 25)
was tested.

A large, quality (ther_ocouple (g6 TO's) a_d JR)
te_ersture database yes obtained on the conventional
1tear, Some typical ther_ocoupte data are ShOWnin
Fig. 26. The corresponding power history for the ther-
_el cycle ts shov_ In Fig. 27. Figure 26 s_o_s the
translent temperature response at three InciSions on
louver 5. The te_perlture _easurements are used In
the heat transfer/structural analysis of the Ilner.

The 11ner was thernally cycled for finest 1800
cycles. 8careen 1500 an_ 1500 cycles an i_tel Crack
about 0,2 In. In length developed tn the 1leer, This
crack occurred at a hot s_ot whteh developed because
Of closure of several coollng holes. T_ere _as no
thereocouple right at the hot spot, but surrounding
TC's indicated the maxleum temoerature was at least
937 *C (1720 *F) and could have hiln over 976 °C
(1810 *F).

k C_mposlt¢ photograeh of the 11nor after 1792
cycles Is sign In Ft9. 28. This shows that most Of
the distortion occurred tn louvers 4 to ?, particularly
in the bottom {180'1 and left (2?0') vle_s, The top
(0') and right (gO') views sho_ less distortion.

The test progra_ was termtnited after 1782 cycles
beceuse the distortion of the louvers Ncln_ severe
enough to contact the frame of one of the quartz lamp
banks, 14easurements of the Crick from the Initial
observation it 1500 to 1728 cycles Indlceted 2 percent
tncreese In length.

The dtstortlon of the louvers IS t_plcal of lin-
ers run in service. The distortion s_s s_e symme*
try to the hilt pattern of the II_pS tn that the pII_S
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of distortion are at the !ongltudtnel center of a lamp
bank where the maxtmu_ heat flux occurred. It should
be noted that a distortion peak was not formed at
every bank of laws.

Similarly. a large quality data base on the
advanced c_bustor Itner is being obtained. This
liner, consisting of snell panels and an outer support
shell to which the panels are attached. I$ Instru-
mented with 125 thereocouples, 73 on the hot stem of
the panels and $2 on t_e support shell. A grid system
of llnes of temperature-sensitive paints was applled
tO over half of the panels In the ltner to tncrease
the area tn which we could observe te_erature changes.
An tnfr_red Ca/l_ra system Is being used to obtain tem-
perature n_ps of e _ortton of the outer shell of the
liner through a quartz viewing window. Over the sune
_taldof vie,. high-resolution photographs of the outer
shell are also beth9 taken to determine the total
strain during cycling.

Figure 2g ls representative Of the data obtained
on the advanced liner. It is an tsoraetrl¢ plot of
the thcr_ocoucle temperature measurenents of the hot
side of the llner panels (which shows the cyltndrlc&l
liner aS if tt were cut upon and flattened out) and
sl_s a Taxlmum temperature of ?60 "C (1400 *F) at the

xlmum ;uartz lanp Power (crutse condition). A slml-
r plot of the outer shell shows the maximum tempera-

ture to be about 316 *C (600 't). These temperatures
were obtained for a heat flux equivalent to that
appite_ to the conventional 1leer. Transient data are
also betng obtained. The thermal paint did not Indi-
cate a _axtmum temperatjre of more than about 64g *C
(1200 *Ft. The infrared data a_d the high-resolution
photographs are be!ng reduced and analyzed.

After 1500 thermal cycles the advanced ltner ts
operating at r_ch lower temperatures than the conven-
tional liner (about 205 "C (400 *r) lower) for the same
heat flux. At the l(_er temperature and low thermal
gradlents, little distortion to the panels has been
observed. Based on the tes_ results and analyses, the
operating conditions are not severe enough to distort
or damage the advanced llner.

Thermal/StructuratlLt_e _nal_ses de the Test _tner_The ltner surface te_De.ature maasu_emen,s
obtained fro_ the ther_ocouples and the Infrared ther-
eovlslon syste_ were used to obtain the fllm coeffi-
cients on the cool and hot surfaces. BaSed on these
coefficients, a heat transfer analysts of each liner
was _erformod using HARC. a general purpose nonllniar
finite-element _eat-transfer and structural-analysts
program.

Eight-node three-dimensional soltd ele_nts were
used to construct the ltner heat transfe_ models.
The conventional liner model had _4_ elements and
1274 nodes, and the advanced 1thor me_el had S36 ele-
ments and 1117 nodes. Coq_parlsons between predicted
and measured transient temperatures showed good
agreement.

The te_perature (or thermal 1_ds) _re input to
the structural analysis prNram, the MARC program was
use¢ to perform t_e structural analysis. The stress
models were identical to the heat transfer nx_lels.

the Halker and Bodne, vlSCOolast_C models, whtch
were descrlbed earlier, were used In th, structural
analysis. Representatlve results are the hysteresis
loops shown in FlU. 30 for three locations on the con-
ventlonal liner. Similarly. Flu. 31 Is representative
of e stress plot of a sy_strlcally heated panel.

Based on the nonlinear structural analyses of the
two ltners, tt was dete"_lned that the critical
stress-stra4n 1ocatlon In the adva_c,d liner yes at

the de,enSign loop. For the conventional liner, the
critical location was at the seam weld.

Based on the stress-strain and to,eraSure at the
crtttcal locations, cyclic life of the two liners sas
assessed, The results are summarized and compared in
Table %Z. The estimated life of the conventional
liner (400 to 1000 cycles) ts based on ltmlted cyclic
1lie data. Tests showed liner ¢racktn9 at the seam
weld after 1500 cycles. The advanced liner will have
I much longer ltfe than the conventional liner because
it has a lower average t,_erature (about 21_ *C
(440 "F)) and no structural constraint tn the ¢trcu_
ferentlal direction. After 1500 cycles the advanced
liner shows little dlstortIo_ andno cracking. The
predicted 1lie is greater than 10o cycles. These
comparisons show there Is good agreement between pre-
dfcte_ life and measured 1tie.

CONCLUSIONS

The broad scope of structural analysis acttvltles
carried out under the HOST pro_ect, by the co, bland
efforts Of industry, government and universities has
resulted In numerous significant acccxnpllshmentsand.
in some cases, n_Jor breakthroulhs In the nonlinear
three-dlmenslonal structural enalyses_ turbine
engine hot section components. The _or accoepllsh-
cents In the three arias of technol_y addressed syn-
erglstlcally, namely. Inelastlc constitutive model
develop_nt, nonlinear three-dlmenslonal structural
Inalysls _ethod$ and code development, and experimen-
tation to callbrite and validate the codes are summa-
rized below:

(1) Hew types of multlaxlal viscoplastlc consti-
tutive mo_e!s for high-temperature isotropic and anl-
sotropic (single crystal) superalloys, and metal

mat,-tx composites have bee_ developed, calibrated, and
validated.

(2) New and Improv(d nonlinear structural analy-
sts methods _nd codes, tn whtch the vlscoplastt¢ con-
stltutlve _)cJelswere incorporated have been _eve!oped
anq, to some extent, validated.

(3) Extensive quality dataSases. Including _nlix-
Ill and multlaxial therm_echanlcal data. were gener-
ated for Ran( H4, Ren6 60, Hastelloy-X, _R H2_),
B.lgOO+Hf. PHA1480 and Haynes 18g materials for Lhe
purpose of calibrating end validating the constitutive
models.

(4) [_tenslve quality databases have been gener-
ated for conventional and advanced co,buster liner
segments and compa-ed wlth detailed thermal/structural
analyses of these liners uslngn_ny of the enalytlcai
tools developed under HOST.

(S) Advanced tnstrumen:a¢ion to measure tempera-
ture, displacement and strain have been evaluated.

(6) Htgh temperature laboratories and factlitles
at universities. Other _overn_ntal agencies, end
_ndustry have been n_lfled and upgraded, and at HASA
LewiS, a unique high*temperature fatigue and struc-
tures rnsearcn laboratory has been Imple_ente_.

(7) At NASA LewiS. a high-temperature structural
component response research facility for testing
large dlamete_ ¢O¢lbUStOr ltner segments has been
tmplemente_.
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Hht;ethe structural analysis ¢apabitlttes and
aCc_pllshments described In this paper are & ReDO
beginning, there 11 much r_ for improvement. It Is
expected that these capabilities an( future improve-
ments will grow rapidly In their engineering eppll¢a-
tlons and have a miser impact and payoff in the
analysis an¢ design of the next generation aeronautic
and aerospace propulsion systems.
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TABLE%I1.- SUNNARYOFSTRUCTURAL-LIFEANLAYSESOF COHBUSTORLINERS AT A CRITICAL LOCAT]O_
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(b) Segmented llner
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STRUCTURAL ANALYSIS APPLICATIONS

R, I.. MeKnll_t
G,nera'ESecld¢AEBO

CincinnIti,Ohio

ABSTRACT

The pr_rams In the structural analySiS area of
the HOST pr_ram e_l)haslzedthe generation of co_puter

¢_es for performing th_ae-Olmenslonal Inelastic analy-
sis with more accuracy and less mnpower. This paper
presents the appllcationof that technology to Aircraft
GAs Turbine Engine <^GTE) cc_nponents; co_bustors, tur-
bine blades, and vanes. Previous 11mltatlons will be
reviewed and the breakthrough technology hlghllg_ted.
The synergism and splllover of the program will be
demonstrated by reviewing applications to thorr_l bar-
rier coatings analysis and the SSH[ HPFTP turbine
blade. These aDpltcltlons show that thts technology
has increased the ability of the AGTE designer to be
more innovative, productive, and accurate.

ZNTRODUCTION

The activities of the NASATurblne Engine Hot
$eCtlon Technology Project _ere directed toward func-
tlonallty and durability needs of AGT[ )Or sectlon
components - the cO))ustor, turbine vanes, and tur)Ine
blades. The overall approach of this pr_)ram was to
assess the existing analysls methods for stt'engthsand
deficiencies, and then to conduct supporting analytical
and experln_ntal research to rectify those deficiencies
in_, at the san_ tln_, Incorporate state-of-the-arl
InN)rove_tntsinto the analysis mti_ods,

Structural analytls has two me)Or ob_ectlves In
lhe design of AGTE'I. The first major objective is to
generate and verity a functional design. The second
mJor ob_ectlve Is tO quantify the durability/
reliability of these designs. The first _)ectlv, can
be acc(_pllsh(d by analyzing candidate Oeslgns for a
simplified ntssion cycle - the mxt_um envelope of the
technical requlren_nts. Evaluations are _de by com-
parlng the code outputs - displacements, stresses, and
strains - against technical requirements and deslin
practices. The second ob)ective requires that the
entlri mission cycle be analyzed and the code output be
c_Ined wlth duri)llity/rella)lllty technology in a
I_stprocesstng ogeration.

For both of these types of analyses, some portion
of the alrfra_e-englne syste_ Is _t_n_stlcally slm(s-
lated ant a _Istory of the oPeratlng environment and
Interaction effects of the remalnger of the system
i=oosed as loads and boundary co_ditlons. For func-
tionality the ;hIpler-n_Imum hiStOry can be imposed
on a l_rger portion of thl overall system. Since
durablllty/rellabillty Is a poini function, s_iler
portions of the syste_ _ust _, run throu(h the total
CO_olex nlstory of loa¢In¢. For l_othof these analy-
ses, the 1oad_n(, environment, and interactions are
provld_d to the analyst from other "eXDe't" grOuO$.

A deficiency co)ton to )oth t)pes o• analyses Is
that of econo_y/productivlty as n_asured by the total
per_ of ti_e, nu_)er of ran-_ours, anO the computer
resources repu(-ed to complete I Ueslgn pnalysIs. For
functlonal analyses, the second n_i_or¢(*I¢lency was
due to t_e com_Inatlon of the forn_latlon _els
(Flnlte-[lement _del, Finite Oifferencm Hodll, _und-
ary ile_nt N_el) end the nu_rlcel accuracy of t_e
computer. TheSe li_itatlons affected the ability to
accurately $1n_late large systems wlth their complex
interactions without eX=lptionally fine modeling. For
durablllty/rllIabI11ty analyses, the $)¢ond me)or Oefi-
clency was the Ina)lllty of the co_blnatlon of t_i
for_ulatlon models, constitutive _dels° and the nu_er-
ical accuracy of the COmputer to accurately simulate
the local Inelastic _erlal behavior. T_is deficiency
was parllcularly evident in the hot section cc_noonents
exposed to the severe thermal and n_chanlcal _eratlng
environments of the AGT[. l_, local, durability ll_it-
Ing, areas of these structures are exposed to ti_
varying temperature distribution which affect both the
m_terial properties and the thermal and m_chanlcai
stresses In a ccx_)lexthree-dlmenslonal _¢nner.

The HOST program successfully accon_)l$_ed Its
goals by &ttacKlng the above deflclencSes. This was
done through a series of programs In _hlch were dave.
loped constitutive _deis, three-di_enstona! Inelastic
structural analysts codes, a three-olmen$1onal thermal
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transfer code, and a ¢o_oonent specific _ell-g sys-
tem. :-e apollcatlon of t_Dse advance_ :cole was
a'rc:t _'multaneo_s with the'r Oeve'cp_ent. "_e
reraln_er of thls paper will =-esent se ectlve app'Ica-
:'one of these tecnnolocjies.

:o_bustGr Oeslgn and Aralys's
"'e co,buster _s one of the nest cnaiie_glng and

cc_rple_ comoonents of the AG'E. ;is _e_lqn 'nvolves
_ny "expert" groups; contro:s, fJel nozzles, then!eel
:Cmbustlon kinetics, neat transfer, a'O structures.
it presents one of the _a_or productlvity _ra|ns !n
AGTE Cosigns. both for lnit'at design and for subse-
:ue_t tunl_g _or _Isslo_ variations. HOST attacked all
aspe:ts of thts oroble_, economy/productivity as wll
as accuracy, tn the component soecif_c mcde;Ing effort.
In thlS progra_ the mny dlverse dlSclpllnes which
'_pact on a comous:or liner design were Integrated
'ritea component spec_flc syste_ utilizing the HOST
tec_nologles.

The CO_HO computer system conststs of a T_er_dy-
naml: Engine v,o_el (TDEM), a Tner_o_echantcal Load
Vodel (TDLM), and CornbustorS:ruclural Mo_el. The TDEM
generates the engine _nternai flow variables for any
potnt in the o_erating mission by the specification of
three variables, altltude (hi. Mach number (M). and
power level (PL) for the allowed flight map of an
engine, as shown In Flg. I. Additlona! control varia-
bles are a_btent temperature oevlation$ from the stand-
ard a=mosphere, alrframe bleed air requlre_ents, and
englne oeterloratlon. For each Inout condition, specl-
_led by h, M. an_ PL the rOIN calculates gas weight
f)OW (w). temperature (t). ard pressure (p) for the
co_bustor.

TPe TDEM technique _s shown _n Figs. 2 to 4. The
engine to be analyzed must have its aerodynaml( sta-
_lons (Fig. 2) defined ther_odynamlc_lly by an engine
cycle deck (computer program) wnlcb can be run to gen-
erat_ the Internal flow variables at chosen aerodynamic
stations (Ftg. 3). In COS_O the coTplete engine oper-
ating ek_p (Fig. 1) tS enconpassed by selecting 148
opera.tlngpoints for which w. t, p as well aS NI
end _2. the fan end core speeds, are caiculate_ for
the stations pertinent to the OOSHO tempo,ants.

From thls Station date an £ngine Performance Cycle
_ap is constructed. This Is esser_tially a set of
three-dimensional data arrays _Ic_ map the station
data (w. t. p, nI, and N2) on to the englne operating
map (Fig. It. Given an arbltrary o_eratIng pQlnt
defined by h, M, and PL it t$ then, tn principle,
p_sslble to Interpolate on the engine performance cycle
map to determine station da¢a. These station parame-
ters are nonllnear functions of the Input parameters
and muc_ effort went into the development of these
mu'tldimenstonal tnter_latton techniques.

The functioning of the TDEM is s_own _n Fig. 4.
G_ven an engtno mlsston, as shown schematically tn
Fig. S. It can bt aeftned by values of the input varia-
bles _, H. and PL at selected tl_s through the _IS-
ston. Using these tn=ut variables and the Engine
Perforr_nce Cycle Hap _he inter=elation program calcu-
lates engine s_atIon parameters throughout the mlss1on
(Fig. 4). "hose are then ;sod to define the Station
nlsslon profiles of w, t. p. N1, and N2 as functions
of t_ne at each aeroO_namlc statler, These statton
_tSs!on proftl(,s then beeone the ln_ut tO the rDLM,

The "DI.M iS the computer program wnlCh wOrks vlth
the output of the TOEN to produce the _Isslon cycle
lo&olng on the Indlvldual hot section c_porents, in
this Case the co_bJstor. This SOftware translates the
major engine oe,for_nce parlr_:er proftles from the
TDEM into proftlIS Of t_¢ e_;onsnts the,_oeyne_tc
loads (pressures, temperatures, ro_). The for_ulas
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which perfor_ thlS rapplnl In the TDLM n_lels were
Jeveloped For the sQectf!c engine c¢_rponents of t_e
CFS-SOC e_gine. To adaPt these _odels to a different
engine would require t_e evalja_to_ OF t_ese formulas
"or their si_iatlon capabillty and refor_ulatlng
._ere necessary.

The _eart of the component soectftc s:ructural
_odellrg is ;eo_etrlc nodel'ng and _esn generation
_slng _na recipe concept. _ generic geometry pattern
ts determined for eacn comnonent. _ rectpe Is oeve-
"oped for tnls easlc geometry In terms of :olnt coordl-
rates, lengths, thicknesses, angles, and radii.
=Igures 6 to 8 ShO_ thls process for a rolled rlng
:¢mo_stor. These recipe oarameters are enco_ed tn com-
puter software as variaole in=or parameters wlth a set
of default nun_rlcal values defined. Figure _ deflnes
the reclpe w_!ch generates the combustor structural
co,el.

k snapshot of a typlca! run of the combustor _deI
Is Sho,n In Fig. _0. AS indicated, tke n_del cont_!ns

a default set of recipe parareters, only changes to
thts llst need be given. After the recipe parameters
rave been set. only ftve parameters need be specified
m generate a three._tmenstona? sector model of a Co_-
:us_or tO oerform a hot streak analysls. The first
parameter (shown as the number of exhaust flozzles) Is
required to dlvlde the 360* co(_bustorInto the pro_er
numoer of sectors. The next parameter (shown as the
numbe- of circumferential elements) is used by the ana-
lyst to sollt up the circumferential sector Into a
number of sllces, NS, for the three-dimensional ele-
ments and bias these s11ces by specifying Hi-1
percents.

For the partlcular case involved three exhaust
nozzles are specified with four clrcumferent|al ele-
ments. These circumferential elements are then bl&sed,
startlng a: the ho_ streak, as S. 15. anO 30 percent.
This leaves the final slice to be SO percent. This Is
all the infor_tlon required to generale a three-
_lmenslonal finite-element ._odel consisting of 20-noded
tSOpara_etri_ flnite elements. In this c_se the _odel
consists of 648 elements. 31_2 nodes, and has 768 ele-
rent faces wlth pressure Ioadlng. Figures 11 and 12
are graQn1¢al depictions of this three-dlmenslonal
•ooel. The temperatures _nd pressures fro(, the TDLM
are _apPe_ onto this r_odeland the necessary data files
ire gene,ated for a nonllnear structural analysis.

The subsystem which performs the thrae-_menS1_al
nonlinear finite-element analysis of the combustor
m_ode! was that developed In the HOST program. "Three-
dlmenslona.l 2nelasttc Analysis HethOdS for Hot Section
Struct.res." Thts software performs incremental non-
linear finite-element _nalysl$ of co_plQx three-
dimensional structu-es under cyclic thermomachanteal
Ioadtng wlth temperature dependent material properties
an0 _ateri&l response behavlor. The nonlinear analysts
considers both tir_ independent and tlr_ dependent
_aterial benavtor. A_on9 the constitutive r_dtls
avail&hie are a slmpllftsd m_ode/, a clasSlcal model,
and a unified raodel, k ma_or advance In the abt1Ity to
perform tl_ dependent analyses Is the dynamic time
Increment!re strategy Incorporated tn thts soft_are.

The COSHO system consists of an lxlCutlve moclull
whtch controls the TDEM, TDLM. the geometric ,nodeler.
the str_¢tural analySiS code, the fllt structure/data
base, and certain ancillary modules, These ancillary
_odules consist of a bandwidth optimizer _:dule. a deck
generation module, a remeshing/eesh refinement module,
and a postproces_tng _x_dule, The executive _lrects the
runntng of each n_cdule, controls the flow Of data among
n_odu!es an_ contains the self-adaptive control 1¢H_I¢.
Figure 13 IS (I *lOw chart of the COSqO system showing
the data f)o_ ¢n¢ the aetlon pOsltlons Of :he adaptive
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controls. The modular destgn of the system •11ow$ each
subsystem to be viewed •s a plug-tnmdul, which can be
replaced wtth alternates.

The ideas, techniques, and computer software con-
rained tnOOSMO have proven to be extremely valuable In
advancing the productivity and design analysis capabil-
ity of co_tustors. This software tn conjunction with
modern superc¢_nputers ts able to reduce a design tas_
which previously required me-months of effort over a
ttnw period of mnths to a one-_n, less than • day
effort. Along vtth thts time compression co_es
Increased accuracy fr_ the advanced modeltng and
analysts technlques. As • result of this, more analyt-
Ical design studles can be performed, reducing the
chances for fteld surprises and the araount of confoustor
testing required.

Turbine B)adeAn•lysls
The an_lyslsof lurblne blades IS an exeellent

bmrometer of the iwrovemnts brought about by the HOST
progriun. There was a pre-HOST program c_11ed, "Turblne
Blade Tip Ourab111ty Analysis," which established the
state-of-the-art prior to HOST. A commercial alr-
cooled turbine blade vlth a well-doeumenled history of
cracUng In the squealer tlp tiglon was sub)acted to
cycllc nonlinear •nmlysls by a co_.mrcl•lly available
computer program, ANSYS. This three-dimensional prob-
lem had previously been analyzed, alastlcally, by an
in-house computer program. At the end of the _OSl pr_
gram. this problem was once again used to establish the
changes brought about by HOST.

The prelim involved was the slgnlflcant areep-
f•ttgue encountered in a Stage-1 hlgh-pressure turblne
blade. These blades are hollow, alr-¢ooled, and paired
together on a slngle three-tang dovetail. Figure 14
shows one such blade and indicates the region oi'analy-
sis. The threo-dlmnslonal flnlte-element _odel of the
cc_onent blade llp above the ?S-marten/ span was con.
strutted of 580 eight-noded Isopara_etric brick cli-
ents wtth 1119 n_es. A detailed, exploded vlew o_
thls mdel depicting the squealer tlp, tip cap, and
spar as discrete three-dlmenslonal c_ponents is shown
In Fig, 15.

Thts ANSYS _odel was exercised on the COC-7600
computer. This model had prevlously been run on the
TAHP-_SS c¢wwputer program and the Noneyweil 6000 c_-
puter. In 1986, this mo_e) va: COnVerted to 580,
20-noded Isoparimetrlc finite elemn_s and run on one
of the codes developed under, "Three-Dimensional
anal•silO Analysis _ethods for HOt Section Structures,"
Tmble I she,we the tins and costs experienced under the
varlous conditions. The impact of the advancements in
technology and c_puter hardware iS apparent fr_ thlS
¢•ble.

T_I Barrier _oatlna Analysls
Another tachnoloolcal-arei-ln the FOST pr_ram _es

that of "Surface )rolectlon.' Programs were developed
under this area to produce an understanding and to gen-
erate theories and computer tools for the design,
lnalysls, and life prediction Of Thern_t Barrier Coat-
ings (TBC). Figure 16 s_ows one type or test specimen
involved In this effort. Figure l? ;ho_s th_ axlsy_-
metrlc flnlte.element model used to simulate these test

si)eclm_ns. Figure l$ is • furnlce thermal test ¢_cle
these SPtctmns wire cycled through. Figures lg and 20

are represent•tlve analytical results for the crtti¢•l
11re lo(atlon$.

Hlthout the developments In the structural analy-
SiS area of HOST this test slmulat10n Would no2 have

been attempted because of the excessive amounts of com-
puter tlme that would h_ve been required. Thls problem
is highly ilme dependent and numerlcally sensitive.
The material properties and the creep Properties differ
greatly a_ong t_e three constituents of thls mterl•l
system. An •dded nonlinearity occurs due to the
growth of an oxide scale betueen the bond coa_ and the
top coat. The dyn•_tc time tnere_ent!ng •igorlthm
developed under the three-dt_ensional Inelastic HOST
program made the an•lyslsof lhls nonlinear system
possible.

SSH[ HP_TP Turbtn 9 Blade
One ftn•l example Of the application o_ HOST tech-

nology Is the NASA program with the acronym - SAI:_._kLM.
Thls stands for, "Structural Analysis Den_nstration of
Constitutive and Life Models." Under this progrE_.
coated single cryst•l turbine hi•des SUChaS th@ one
Indicated in Fig. 21 vlil be analyzed by the most
advanced technology developed under HOST. Thls
includes the 20-noded Isoparametrt¢ f_nlte element
and the constitutive models developed in the three-
dimensional 1flel•stic programs. The single crystal*
cry_t•11_r•phlC const$tutlve model developed under
the •nlsotroplc constitutlve modeling programs, and
three HOST life theories. "Cyclic Damage Accuaulatlon,"
"TOtal Senile-Strain Range Partitioning," and "Hyster-
etic Energy," will be _sed. This pr_ram involves
testlng, analysis, and correlation and will provlde •n
excellent opportunity for de_nstratlng the benefits of
the HOST program.

G_NO.LUSIONS

The ideas, techniques, and ¢_puter software dove-
loped under the NASA HOST program have proven to be
extremely valuable in advancing the productivity and
design an;lysls capability for hot section structures
of AGTE'$. Thls Software tn conjunction wlth modern
superco(nPuters is able to reduce a design task
significantly. TheSe Ideas are a_en_ble to further
generallzatlon/speclallzatlon and extension to all
areas of _he engine structure. These techniques _tll
have Shelf ms)or payoff In the next generation of aero-
space propulsion systems wlth their increasingly large
number of para_trlc v•rlatlons,
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XlS?RACT

Thts pipit presents I svmir¥o_ the life pTegtc-
tlon nmt_ods develooed urger the NASA Levis Research
Center's HOt SeCtiOn Tichnol_y (NOST) progrm. A
m_or objective of the fatlQve end fracture efforts
under the HOST program was to s_9ntftcantly Improve
the analytic 1lie predlctl_ tools use4 by the NrO-
nautical gas turbine enganQ industry. This has heen
achieved In the areas of htgh-temeriture thermal and
mchantcal fatigue oi' bare and coated high-temperature
superilloys. Such technical Improvements mill eventu-
ally reduce 1lie cycle costs.

The cyclic crack tnttiatlon and propagatiOn
reststinCe of nominally tsotroptc polycrystalltne
alloys and highly anlsotroptc stngle crystal alloys
haS been addressed. A sizeable date base his been
generated for three alloys (cast PHA 1455 (9-1900 •
HI), wrought |scone1 718, and cast single crystal PHA
1480) In bare and Coated COnditions. TwO COatings
systems, diffusiOn elumlntde (PHk 273) end plasma
sprayed _rAIY overlay (PHA 286) were employed.

Life prediction modeling efforts were devoted to
crsep-fitlgui Interaction, oxidation, coatings Inter-
actions, _1tlixttllty of stress-strain states, mein
stress effaces, cumulative dlslge, and tfieraKxaechin_-
c&l fatigue. The fatigue crack Initiation life mdels
developed tO d_te Include the Cyclic Damage Accumvla-
tton (COA) Model of Pratt & Hhltney and the TOtal
Strain Versl_ of Stralnrange Partitioning (TS-SRP) of
NASA Lewis for nomtnally leotroplc materiels, end the
Tenstle Hysterettc Energy Hodel of Pratt & Hhttney for
antsotroplc super&lloys. T_e fittgua model being
developed b7 the General [lectrtc Co_pan3 tS basid
upon the concepts of Pith-Independent Integrals (P[I)
f_r descrlblng cyclic crick growth under complex non-
linear rosp_se l_ the crack tip due to thir_chanl-
ca1 loading conditions. A Mcr_ecflantst|c oxidation
crick extension modal has been derived b_ researchers
it Syrlcuse University. The n_els are described and
discussed tn the paper. Only ltmtted verification has
been achieved to-diS, as several of the _eChnlCll pro-
9rlms are St111 In progress and the verification tasks
ire scheduled, qvltt nlturelly, near the conclusl¢_ of
the proorim.

To-Sate. e#forts hive concentrated on development
of _aaepeaae_t md¢ls for cyclic constltutive behav-
Ior. cTclic CriCk Initiation. and cyclic crick propa-
getty. The L'raaSltlon _etvesa crack tnltllttOn and
crack pro_gatlOn his not _aen thOrOughly researched
as yet, end the Integrettonof these models tnto a
unified 1tie predictiOn methOO has not been addrtssed,

ZNTRODUCTtON

cycle costs ranging from tnttiel design
costs to field replacement costs oT ltmlttd durability
co_ponent pirts ire the driving elemnts For Improved
_nalytIc 1tie prediction capability. Since life cycle
costs ;:l the highest for hot section gas turbine
e_glne components, our efforts hive concentrated on
the problems 4n _hts area. Accurate calculetlo_ of
expected service lifetimes, 15 crucial to the final
_udgmont to pr_eed with a particular design. Znaccu-
rite 1tie calculations result In overly expensive
deslgns_etther from an under utilization ¢4' potential
or a lack of adequate 1lie. The fattgue i_d fracture

rttOn Of the HOST progrtm was Initiated to reduce
fe cycle costs through improved ic¢uricy of analytic

1tie predictive mdels. Tile specific trait of prtmiry
concern ere very htgh*tempsriture cyclt¢ crick Initia-
tion and propagation tn both tsotropl¢ Ind antsotropt¢
superalloys used In hot section turbine engine
con_n_nts,

H_ Life Predtctlon__ro_ram
?ebleTltsts khi speclf_c _rogrims thit have

supported the fatigue _nd fracture lt_t prediction
efforts. Each w111 be discussed and the m_st slgnt£i-
cant of the numerous mccompltshmints _tlI _e pointed
Out. Spice does not permtt elaboration of the numer-
ous methods nor of the experiments1 details. The
reader Is referred to the n_ro thoroughly _¢u_nted
original references.
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Zn addition to the Industrial Contracts and Unt*
varsity Grants supported by the the HOST program, some
fundtng was set aside to rejuvenate agtng test facili-
ties In the the area of fatigue end fracture, The
advanced, high-temperature fatigue and structures
research labor&tory at Levis (HcGaw and Sartolotta.
1987) Is now operational, and tn fact has gro,n to the
polnt of requiring further expansion. The factltty ts
equipped with the very latest closed-loop, servo-
controlled nmchtnery, and most importantly boasts a
untque ¢oaputortzeO nerve center for programmed test
cootrol: data taking, storage and retrieval; and date
reduction and plotting.

ZSOTROP]CHATER;AL )40DELING

Qycllc Crack _nttlatton
The majority of usable cyclic lifettme of turbine

engine hot section conmonents ts usually spent In what
Is called the "cyclic crack Initiation" portion of the
fatigue life. Strictly speaking, crack tntt|atton
does Indeed contain a considerable =mount of cyclic
crack growth, although the phys$cel size of the cracks
is quite small. From an engineering point of vlew.
any crack growth belOW a Crack size of approx_mteiy
0.6 mm (I/3Z In.) typically Is included In the "Initi-
ation" portion of the life, Justification for this
definition Is based upon: Ca) the inability to raiSe-
bey detect cracks of sraller site, an (be the _abtt-
lay of cyclic crack growth laws to adequately n_lel
¢yc11¢ extension of CraCkS smaller thin thls size.
Such a definition of cy¢]I¢ crack Initiation Is used
tn the development of the Pratt & Hhttney Cyclic Oamage
Accueulationl(odel addresse_ In the next section.

Pratt & _hltney Cyclic Oam_eAccpmut|tton <COAl
_d._. The interaction Of creep _tth fatigue at high
temperatures Is being studied In deeM1 under
NASMHOSTCOntrICt NA53-23288. "Crimp-Fatigue Life
Predlctlon for Engine Hot Section M_tertals (Zso-
tropic)" (Merino, 1983, Horeno tt el., Ig86. and
Nelson et at., 1986). This effort has investigated
fundamental approaches to hlg_ to, eraSure crack
Initiation life prediction ustng e ¢&=t nickel-base
alloy. PNA 1455 (91S00 • Hi) as the base material.
During the program, over 1ST specimen tests were coa_
plated under Io_dtng conditions which consisted of
monotonic tenstle and creep tests as well as continu-
ously cycled fatlgue tests, k review Of existing
f&ttgue n_lels was conducted, and desirable features
Of each of these _lrl identified, k new method of
high temper|tuft fattgue life predlctlon called Cycllc
Dunlge ^¢cumulatlon (_k) wit subsequently developed
which Incorporates many of these features.

Complex loadtngs were Introduced during the lat-
ter stages of the progras _o study the effects of
therm_mechantcai fatlgue. _tttaxtal loading, cumula-
tive dinage, envtronnmnt, man StresS, and coatings.
An e_dtttonal 160 strain-controlled _attgue tests have
been conducted as a part or these tasks. Three dif-
ferent surface treatments wire utllSsed for the TIfF a_d
coated tests: bare (no ¢oLttng), overlay NiCoCr^IY
coated, and diffusion ilu_Inlde coated. Several
refinements have been Incorporated Into the CDA life
predlctton model =ased on t_e results of these com-
plex tests. The current former the model for accumu-
lated transgranular damage te given by [q. (1).

(1)

where

Nt

_p

_?

Nx

initiation life, transgranular mode

prlrnerycreep ductility

nonlinear damage accumulation fi_n¢tion

reference cyclic damage rate

r_laxtmum tensile stress tn current cycle

reference _axlmu_ tensile stress

stress range Of current cycle

reference StreSS range

_tme-depen_ent damage rate modifier

cyclic oxidatlon rate for curren_ fatigue
cycle

fox R reference fattgue/cycllc oxidation rate

The basis for [q. (l) Is explalne_ by Her,no
(1983). tieringet el. (I_$_), and Nelson 41986).

goal of the pr_raa to develop the CDA _del was to
1t_tt the complexity of the experiments to determine
the material behavior constants. For example, only
monotonic creep tests and continuous cycling fatigue
experiments are requtred to evaluate the constants In
the first tara Of the COA expression. The second term
requlres that cycllc oxidation measurements be made
Ouring fatigue testing. ,

Honllnear de.age accumu_at10n calculatlons ere
now possible for both cycle-dependent end tl_-
Oependent, cases. _dular tires which capture the
effects of n_Jltta_iillty, coatings, end lnt,rgranular
crtcklng are currently under _evelop_nt. The ability
of the _el to correlate th,rmo_echanlcel fatigue
data is sho_m in Flg. I for bare _nd coated material.
respectively. Complete details of test conditions
emplo)ed are given by Ne%c_ (_985). Most of the
thereo_echanlcal fatigue (TMF) tests were performed at
re,eraSures between 536 and S?l "C at one CPM vith
total n_chanlcal str¢In ranges between 0.4 anO
O.S percent. The d_-ltg experiments utilized 5¢ sic
hold periods In either tension or Coapresston. Hork
continues on a refined version of the model which we]1
attempt to capture all the t_portant life trends seen
durln9 the latter stages of the contract.

The final task under the program IS to perform a
similar series of tests on _n alternate alloy, wrought
Inconel ?tO. A total of $5 of these specimen tests
have now Seen completed, Including iSOthermal, ther-
n_nochanlcal fatigue. =nU multlaxl=l straln-controlled
tests. It Is expected that the flnal form of the ¢Ok
model _y Include eddltlonal riflne_nts r,qulred to
predict properly the elf, trends for forged alloys.

_ewls Aeselrfh Center TO)m1 Stra!n VJrslon of
Strelnr_noe-Partttion]no, The Stfalnrangl Partitioning
(_RP)m0th_d fo_ ¢fi&_ac_erlzlng and predicting creep-
flttgue I_havIor of alloys has long _een associated
with using Inelastic strMns to relate to ¢y¢1t¢ life,
Recent advances by Halford and Saltsm_n (1983) and
Salts,_n and Halford (1985) now permit the approach to
Pe expressed In terms of total strain rang, versus
cyclic life, These developments make the SRP method
more attractive for application to ltfe predlctlon of
aeronautical gas turbine bet section components.

Inh 41r, fi ri(.t-_u ' ri7I?,ll"_'.
Ope]-,:._t.o] lb r.lj_t,lr, e Ib COM_I
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Here, mttirtals and loedlng conditions result in
strain levels that, while they are severe and produce
low-cycle fattgut cracking, involve only sm11
=mountsOf Inelastic deformation within nominally
elastic strain fteids. The llmtted Inelasticity
producedlocally n_y exert a significant influence on
ltfe. The type of inelastic strains present (time-
dependent creep en_ ttl-tndependent plasticity) end
the direction of the strains (tension or compression)
can be quite Important In governingthe resultant
cycliccrack inlti_tlonlife. The totalstrain based
SRPapproach (TS-S_) has been deveioped to deal
explicitlywlth the above conditions. A brief
descriptionIsgivenbelow to show how the procedures
are employed.

The total strain range, act' is the sumof two
terms, the elastic, aCel, and the inelastic, Aetn.
stralr,ranges. [ach strainrange Is relatedto cycllc
llfeby a power In. relationas shownIn [q. (2) and
Fig. 2.

Act . Aeel ,Lk_in • B(Hf) = • C'(Hf) c (2)

TOapply Eq. (2) at high temperatures requires the
evaluation of the coefficients, B and C', and the
exponents,b and c. It Is assumed.Inltlally,that
b and c are constantsfor all conditionsat a given
temperature,i.e..theyare time-and wmveshape-
Independent. end that 8 and C' ire time- and cycle
veveshape-dependent.

To determine C*, as manyof the fourbasicSRP
Inelastic strainrangeversus life relatlOnS,PP, CO,
PC, and CP, aS are required for the cycle of Interest
must be known. How the inelastic strains are parti-
tioned within the cycle _uSt alSO be known, i.e., how
much of each _ypeof PP. CC, PC, or CP strainrange
is presentin the hysteresisloop. [xperl_entai
procedures for establishing the four inelastic SRR
itfe relations, techniques _or approxt=atlng islam, and
experlmantalpartitioningproceduresare givenby
Hlrschbtrgand Halford(1976),Halford,t el. (1977),
and Hansonet el. (1975). respectively.

In principle,the p_rtltlontng and thus the
determineS|on of C' could be ;ccon_llshed analyti-
cally using advancedcyclicconstllutiveequetlons
such as Shoe, developed under the NAS_IHOSTProgra_ by
Llndholm(1984)end Ra_k_wamyet el. C1985), Advanced
cyclicc(_stltutlvem_lelsare capableof comput)ng
the execs detlllso@a stress-strainhysteresis$oop,
knowingonly the imposed temperature, total m_chanlcal
strains, end how they vary vlth tt_e for i representa-
tlvecycle. Detmilscd_the Inelasticstralnlngriles
are also c_utable, and hence creeputralns(tide-
dependent)and plastlcstrainsISled-Independent)can
be separated,i.e.,partitioned.Ifa constitutive
model is not available,the emplrlcelapproachpre-
sentedby Saltsmn and H_Iford(Ig88)car, be used to
determine C' and S, The requlradequatlonsare
su_artzed below.

c'. c (3)

8 • Kt3(c')n (4)

Fl_/(=ct)Q • A(t)m (5)

Kt_ • A1(t)ml 45)

where i_. pp, c¢, pc, er cp

The cyclicstrainhardeningexponent,n, In [q, (4) Is
obteinedfro= completelyreversedrapid strain-cycllng
PP results.

A=el.pp . Kpp(ACpp)n (7)

For cyclesInvolvlngcreep,

_¢el,i) = KiJ(_clJ)n (8)

A co=plete nomenclature for TS-SRP is given by
Saltsman (1988).

?0 apply the TS-SRPapproach, the specific
missioncyclesof interest are identifiedand the
cyclicstress-strtln-temperiture-ttme history Is
determined_t the criticallocationIn the structural
component. Then,the appropriateelasticand inelas-
tic strainrangeversuslifereletlonsare calculated
end addedtogetherto obtainthe desiredtotalstrain
rangeversuscyclicllfedlagra. [nterlngthe dle-
gr_m wlth the _nown totalstrainrange,t_* cyclic
llfeIs determineddlrmctlyvlihouthavlngto calcu-
latethe _agnltud,of the Inelasticstrainrange.
[xampla llfe predictioncalculationsby the TS-SRP
approachhave been reportedby Htlfordand Salts_an
(1983), Horsed et el. (1985). and Saltsman and Htlford
(1988). The degree of success of the methodts shown
in Fig. 3. Here, the TS-SRPrethod yes applied by
Horenoet el. (1985) to t serles of flve different
typesof c_plex verlflcatlonexperiments perforce=on
the nlckel-basesuperalloy,BlgO0• Hr. A directcom-
parisonof the TS-SRPapproachwlth the COA _odelalso
was made by Horenoet el. (198S),whereinthe princi-
pal featuresof etch mthod were emphasized.The
TS-SRPmo_eland the Pratt& Hhl)neyCOA _odelwere
both duel(nedfor applicationto straln-drlvenfatigue
loaOlngconditionsin the no=In,flyelastic regime,
_th methodsare currentlybeingadaptedfor applica-
tion to THF problems.

C_¢II(CrackProp_lat_n
Cyclicgrowthof cracks_nd defectsIn turbine

e_glne hot sectton componentsis of considerable con-
cern bectuse of the lec_offstructuralredundancyin
the constructionof thesecomponents.As such,crack
growthto a criticalfractureslte must by avoidedto
preventcatastrop_l¢fast fractureand subsequentloss
ot' engine function. Typically, concern for fast frac-
ture ts associated more wtth rotating componentsthan
wtth staticstructures.For combustor llner$,guide
vanes,stationeryspacers,and other nonrotatlngco=-
ponders,concern@or cycllccrackgr(_wthIs _ore eco-
nomic in nature thensafety-related. In the _ST
fatigueand fractureprogram,two ipproachustO crac_
growth were taken. An engtneerlng methodologywas
applied In an &ttl_pt tO develop directly useful
design tools, and • scientiflc appromchexamined the
mlcrc_echanls_sof crack=_tsnslontt the crystalto-
graphlcleveland the Interactionwlth oxldatlo_
phenomena.

general[ltctrlcPmth-lndependentlnte(ra!n_)del.
A maJ_ goal ofthe contrite progr=_---mvt-ththe General
(lectrlcCos,partyIs to developreliableand securers
envIneerlngllfepredictioncepibllltlesto deal wlth
cyclic cric_ growth at elevated teeperitures. Several
of the Path-Independent Integrals,_x, that have been
propose_ over th, past few years hey, been ShOWnto be

I
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appllcable to fracture mechanics calculatlons of
cyclic CraCk growth under uniform and nonuniform thor-
ml gradients and thermu.Hchanlcal 1endings. Specifi-
cally, the various 3x Integrals prolapsed by Tad&
et el. (tgT3). Atnsvorth et el. (1978), Blackburn
et aS. (lg?7), KJShIeOtO et el. (19809, and Atlurl
(lg82) have bean found suitable for analysts of crack
stress fields Involving nonlinear and time-dependant
thermmechanlcal response (Ktm and Orange, 19889. The
tradlttona! Rice J-Integral (Rico. 19689, however,
becomes path dependent and loses its phystcal slgnlfl-
cance for thermomchanlcal to, dings. Figure S com-
pares the results of a svries of calculations applied
to an tnsZrumnted single edge notch specimen of lace-
eel 719 with a linear therml gradient. The current
program wtth the General Electric Company wit1 con-
tinue tnto 1989. during which time one of the path-
Independent Integrals will be selected for further
verification under realistic thermo_echantcal loadtng
conditions found tn the hOt section Of gas turbine
engines.

Syracuse Unlversttz oxidatlon ;rack extenslon
mo_el, Ltu and Oshtda (19867 and Oshlda _nd Ltu (19889
avh-_e-takan a mlcromechanlsttc approach to deallng with
crack propagation In superalloys. A model of inter-
eittent micro-rupture of grain boundary oxtde has been
proposed for high temperature fatigue crack extension.
The modal ts outlined brlefly below for the case of a
trapezoidal waveform.

Oxygen arriving at a grain boundary crack ttp
must diffuse Into the region ahead of the crack tn
order reform oxide along the grain _undary. Hhen
the crack ttp grain boundary oxide, at a given stress
level, reaches a crttlcal size, 6a, the oxide w111
rupture and the crack v111 grow by the a_unt, 6a.
The critical size. 6a, depends on the stress intensity
level during the holding perlod. Once the crack ttp
has advanced tO ItS new position, the prOCeSs Of grain
boundary dtffustono grain boundary oxldatlon, and
mtcro-_upture Of the OXide ts repeated. This process
of mlcro-rupture of a crack tlp grain b_undary can
recur Intermittently during i fatigue cycle, and tn
fact, many micro-ruptures can take place. After each
micro-rupture, the _enntratlo_ of grain boundary oxide
must start all over again from a atlme" zero. The
ttme Interval, 6t, necessary to reach the crltlcal
size, 6a, Is given by,

6t. (BlOgb)(Bel_B)Un (99

mgnltudaof the diffusion Jumptng vector or
lnterat_tc spacing

Dob grain boundary dlffuslon coefficient

_,_' proportionality constants

n positive exponent (less than unity)

The number of micro-ruptures during the holdlng pe-
tted, AiM, Is,

m • 4tH/bt . (itHOgb/e)(PDlBa)ltn (10)

m Is linearly prop_rtlonal to the holdtng period and
tS Inversely proportional to the frequency.

fatigue crick growth per cycle Is thl SU_ Of the
mlcro-ruptures during the hoidlng pertN,

daldN • m da (11)

From (qs. Cg) tc (11) we obtain,

da/dH . _'AtHOgblBl_all'nln • _'(Ogblf)(Bl_all'n/n

(12)

_ote that daldN Is Inversely proportlonal to fre-
quency, f. Figure 5 taken from Liu and Oshfda (1986)
illustrates the success the approach has had tn corre-
lating crack growth under hlgh temperature envlron-
manes. The experl_ental results shown In the figure
were obtalned from the _en literature.

ANISOTROPICMATERIAL MODELING

Pratt & Hhitney single crystal constitutive
O._L!; Because of the exceptionally strong ltnk
etween the CyClic deformation mechanlsms In single
crystal alloys and the fatigue crack initiation proc-
ess, it was deemed advisable to develop both the
cyclic constitutive and cyclic crack tnttlation life
prediction models within a stngla pr_ram. Further-
more, since stngle crystal alloys Invariably require
a protective coating for successful high-temperature
appllcetlons, It was also necessary to develop a
cyclic ::onstltuttve and life model for the co&tlng
systems. The COnstitutive models will be discussed
In the following Section.

A unlfled constitutive modal has been formulated
for RHA 1480 single crystal material and Is currently
in the final stages of development, lhe model uses
the untfled approach for computing all lnelssttc
strain rather than the conventlonal approach of treat_
tng creep and plasticity separately. The model
assums that all Inelastic behavior results from shear
strains on each of the _tva ©ctahedral and six cube
sltp systems and that the global _nelastic strains are
slnl_lythe sum of these sllp systems strains. Sllp
system inelastic shear strain rates are governed by a
set of vlscoplastlc equations which involve the sllp
system stresses and two ivolutlonary state vsrlables.
The general form of )he equation governing inelastic
shear strain on the rth sllp System as given by
Swanson (19879 ls.

where

ir

wr

_r

('r " "r ) IWr : "rlp'1
Kp

(139

tnelastlc shear strain rile on the sllp syste_

effective stress acting on the sllp system

back stress acting on the slip system

drag stress acting on the slip system

The model has been formulated to include several
effects that hive been reported to Influence deforma-
tion. These include contributions from s11p System
s(rassas other than the Schmld shear stress, latent
hardening due to simultaneous stralnlng off all slip
systems, and cross-sllp from the (_:ts_adral to the
cube sllp systems.

A large _ody of Isotherm41 c_stttutlve data has
been obtained at temperatures ranging fr_ 427 to
1)49 'C using unlawlal speclfr_nsoriented In the

tO0

"; " i'



<OQI). <011>. (II1>. <123> crystkl orlentat|ons The
constttutlve model constants have been determined from
these Isothermal tests. Figures 6 and 7 shay the
measured stress strttn behavior ar_ the calculated
constitutive r_el _havlor at 871 *C. The model ts
currently being evaluated against the stress-strain

response of thermomechantcel fatigue (THF) test_ _,ntchwere conducted for life _xleltng. The stngle c ystal
constitutive n_del as well as the coating constitutive
n_del reported below ire compatible with i cQm,er-
ctally available ftntte element computer code.

P_ratt & Nhttnev coating cQnstttutlve model. Thar-
momechanlcal fattgue (THF) cracks,n turbine atrfotls
of PNA 1480 matertal generally originate from a coat-
trig crack. Thus, for airfoil 11re prediction, tt IS
Important remodel the coating mechanical behavior as
veil as that of the PHA 1480. In thts program, vista-
ptesttc constitutive mdels are _etng developed for
two fund_hentally different coattng types _ht¢_ are
cgcmnly used tn gas turbines to provide oxidation
protection: (1) a plasma sprayed NtCoCrAIY overlay
coating, and (2) a Cack-cementatlon-applled NtA1 dif-
fusion coating.

The lsotroptc fornmlatton of Halker (1981) was
chosen es the overlay ¢oattng constitutive model.
based on Its ability to reproduce isothermal and trier-
_chantcal hysteresis loop data reported by Swanson
et el. (1987). The predicted overlay c_ttng response
of ascot-of-phase theremchantcal cycle ts compared
to data tn Ftg. 8. For these purposes, soltd cylin-
drical specimens of coating mstertal were cut from a
billet prepared by hot lscstattc pressing of mtertal
powder. The aluMntde dlffuslon ¢oattng constitutive
model Is currently under development, and w111 be more
difficult to determine owing to the fact that tt wtll
be Impossible to make solld spectmns of stand-alone
cc_ttng n_tertal.

¢y¢1tc Crack lnittl_ton
----01rectlonally cast, antsotroplc, nickel=base
superalloys (partlcularly single crystals) exhtbtt
greater creep-fatigue resistance than their conven-
tionally cast polycrysta11Ine counterparts. 1o take
full a_vantage Of these t_proved _ltertal properties,
however, requires the development of accurate cyclic
constitutive and life pre_Ictlon models for these
hlghly dlrectlonal alloys. Direct _Iflcatlon of
polycrystalllne behavior _els Is 4nedequate, and a
new approach that recognizes the mlcromechantsms Of
crystal res_nse Is necessary. Unfortunately. the
program was able to address :ely the crack tnlttatlon
aspects of slngle crystal superalloys. Cyclt¢ crack
gr_th life predlctl_ modeling n_st await future ef-
forts.

Pratt t HhltneY coattno end stnqle CrYst#l life
oredtctlon mo_el. Generally. all c_ated PICA1480
o-r]entatlons (I.e., (001), ¢011>, (111). _nd (123>)
which were tested In thermchanlcel fatigue initiat-
ed Cracks In the i_t&l et sites vhere Coating crack-
trig had occurred. _sothe_ml tests Of coated <0el>
PH_ 1480 also typtc|lly Initiated cricks ftrst tn the
costing layer. However. many coated non- <001>
Isothermal fatigue teStS Inltleted cracks underneath
the specimen outer surface in either the PHA 1480 or
the coetlnglPNA 1480 interracial regton. _nlttatfon
_:curred predo_tnately it porosity Sites.

The fo110_tng lifo prediCtiOn approach _as deve-
loped tO a¢¢_n_ for the _bserved spectme, Cricking
modes.

Nf • Hc • HS¢ • Nap

or

Nf • Hal • Nsp

whichever tS the smallest.

where

Hc

Hs¢

NsI

Nsp

Nf

(14)

cycles to Initiate a crack through the coat_ng

cycles For coating initiated crack to penetrate
a small distance Into the substrate

cycles to tntttate a substrata crack due to
macrOSCOpic sltp, oxidation effects, or detects

cycles tO propagate substrata crack to failure

total cycles to fat1 speclmen or component

The fo11_wtng modified tenstle hysteret1¢ energy model
was developed for the overlay coating,

Nc - ¢(6ilt)'bvm (15)

where

t
; v $ 1.O (16)

v - _ r(Tt )

tt" %
cycle

r(T) r O exp(-QIT) temperature- and time-dependent
damge rate

ANt tenstle hystsre_tc energy. H-mlm3 (lfl-lbflln.3)

Tt tndtvldual temperature levels tn the the cycleo
K ('R)

tl tlm (mIn) at TI, Including 100 percent of
tenslle nold and 30 percent of compressive _01d
times tn the cycle, tf any

To threshold temperature for temperature dependent
damage, assu_ed to be 1088 K (lg_0 *R)

OO "Incubation damage"

Q eff, cttva activation energy for temperature-
and elms-dependent damage.

The term, v. Is an extension bf the Ostergren (Ig?6)
time-dependent damage frequency term. As used herein.
It includes both temperature- and ttme-_ependent damage
functions tO model thermally activated processes.

Hods1 constants were determined from Isothermal
teStS conducted at 427, ?60, 927, at_d 1038 *C (800,
1400. 1700. and IgO0 "F). Coating hysteresis loops
vere predicted using the PHA 286 constitutive model
Incorporated Into a one-dimensional model. Thts model
determines the stress*strain Of the substrata and
Coatlng by Imposing an equivalent displacement history,
Differences in coefficients of tflermal expanslon are
_ncluded In the m_fel.

The model unifies Isothermal and THF predicted
lives within a factor of about 2.5, aS seen In Fig, g.
Generally. the ,orst predicted test ltves xere Itmtted
to ll4g *C (2100 *F) maximum temperature ?Hr tests.
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Prediction of these test results should improve when
1149 *C (2]00 "F) tsotherlnal tests are _ncluded tn the
data sat used to determine model constants.

Additional model _tflcatSon wt)l be necessary
to tn¢lude the effect of biaxlal coating loads tntr(_-
duced Oy the thermal 9ro.th mismatch between the coat-
lng and the substr¢te during uniaxlal THPtests and
engine transients.

PWA273 alumtntde coating and PNA1480 crack
initiation modal davalopmnt for calculating Nsc,
Nsp, and NSt ts currently In process. At present,
based on tsothernkll fatigue correlations, the most
prc_nislng candidate modelsfor these mtertals are
also dertved fr_(n an approach basedorl hysterettc
energy.

CONCLUDIMGR£HARKS

In cOnClusion,we would llketo emphasizethat
slgnificentaccompllsl_entshave been achievedin the
fatigue and fracture arena through the atmosphere cre-
ated by the HOSTPro_ect. Me are now much better able
to dealvlth durabilityenhancemnt in the aerOnauti-
cal propulsionindustrythroughtheoretical,analytl-
¢al,and experlmentalapproaches. Given the ability
to complete the tasks we have started, we e_pect to
reap even greater rewards tn the near future.

The m3or accomplishmentsto-date are sun_narlzed
baldy:

1. An advancedhigh-temperature fatigue and
structures research laboratory has been im_ole_ented
at the NASALewis.

2. TvOnew crackinitiation11repredictionmeth-
ods have been developedfor applicationto Complex
creep-fatlguei_dlng of nomlnallyIsotropi(superal-
guysa htgh tmpe_tures.

3. Cycllcconstltutlve_els for oxldatlonpro-
tectlvecoztlngsand for hlg_lyanlsotropl¢single
crystalturbinebladealloyshave been developedend
verified.

4. A prell_inarycycll¢crackInltlatlon11re
prediction_xxlelfor coatedsinglecrystalsuperal-
toyshas been proposedand 1_ undergoingcon)inued
evaluation. The _del utilizestensilehysterettc
ener9yand frequencyas prim_ryvariables.

5. Twohlgh temperature CyClic crack growth ltfe
prediction modelshave been propost_: mlcror_echants-
tlc and pt|enc_n,nolo_lcal engineeringappr_ches have
_en taken. Th, mlcromechanistlCapproachIs bated
uponoxidationinteractionsvlthmechanicaldefor_-
tion at the crick tip, while the engineering approach
has ItsoriginsIn the use of Path-lndependentInte-
gralsto describethe necessaryfracturemchanlcs
parameters.
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LIFE MODELING OF THERMAL BARRIER COATING8 FOR AIRCRAFT
GAll TURBINE ENGINES

R.A. MlJer
I_r_k_n_Aerontutl_and_ Admlnllntion

i.WekRtw_ Cermr
CNrmk_, Ohk)

ABSTRACT

Therml barrter c_ttn9 llfe models deve1_ed
under the NASA Levts Research Center's HOt SeCtion
Technology (HOST) progrmn are s_mrlzed. An tntt|al
laboratory I_del and three design-capable models ire
discussed. Current understanding of coatlng fallure
• echenSsms ire also su_mrtzed,

ZNTROO_TIOfl

There| barrier coatings are being developed for
protecting itr-c(_led turbine blades and vines In air-
craft gas turbine engines. The current state-of-the-art
coltlng system consists of about 0.25"of a Slrconta-
yttrta ceramic over 0.13 ,--of an HCrA1Y alloy bond
coat. BOth layers are applied by plasu spraying. The
beneflts arise from the tnsul_tt¢_ provided by the
ceramic layer, Thts Insulation alloys higher gas tem-
plritures, lower component tei_eraturis, reduced cool-
Ing air requ11"emnts, i_derltion Of ther_ll transients,
and/or a decrease In the sevirtty Of hot SpotS. This
ylelds lWrovem_ts In performnce, efficiency, and era-
ponentdurability. Future engine designs are expecfed
to rely heavtly on therml birrter coatings. Thus 1tie
models are requlred to assess the risks asso¢lated with
any given design en_ to Insure that these co.tings can

exploited _ully. Further detatls my be found In
Miller (1987), OeMlSt It al.. (1988), Strinim_n et al.,
(IS|T). end Htllery (Ig87).

The NASA thermtl barrier c(_ttng 1lie model devel-
opment progrim ¢onslsted Initially of in In-houSe pro-
gram designed to improve understanding and tO develop a
mo_el suitable for treating la_ratOry life data
(Nlller, Ig87). This work was then extended vll throe
co, erects under the HOST prc_rem to the development of
des1$n-capeble Inodels (OeNast et el., 1988; S_rang_ln
et &l., 1987: Htllery at el., 1087). These contracts
wire devised determine therr_wchentCal properkles, to
ane13zecoating stresses and strains, and to develop
lifo m_dels. Phase t of each contract his no_ been suc*
cesffutly completed, and the results will be _u_irtsed
tn _hls paper,

A baste understandlno of coating failure mechanisms
Is i prerequisite to the develop_nt of 1tie prediction
models. Failure mechanisms tn gas turbine engines and
tn la_rator3 slaulitlons have been dlscussea tn detltl
elsewhere (e,g,, Htller, lg87; DeH_sl et el., Ig88;
Strangmn it el,, 1987, _111ery et el., lga?). There
Is now general agreement that these COlt1_gs fill prt-
mr_ly as a result of stresses induced b_ the there1
expansion mlsmtch bet-_een the ceramt¢ and metallic
layers, and that these stresses are/gre|tl_ Influenced
by tim-at-ten, eraSure processes such as oxidation and
_osstbly stntertng. Th_ stress state tn the ceramic
layer _nich leads to cri_k pro_aget_on an_ eventual
spelling Is one of btaxlal ccxaPresston in the plant of
the ¢oatlng and radl_l tension. These stresses are fur-
ther c_llcated by the wavy and Irregular Interface
between the cermtc and metallic layers. ;n fact,
HOST-sponsored catculattons Indtcite that the radial
stresses above a wavy Interface my actually alternate
between regions of co_press_on end tension as 111us-
Stoked In Fig. 1 (Chang mtll., lg67). Figure 2
I11ustra_es that the behavior of plasm sprayed
2trconta-based there1 barrier coatings differs signifi-
cantly from the behavior of conventional ceramlcs. Thts
beh&v|or, which te behoved to result from the sptat
structure. Includes vary lo. thermal conductivity and
very hlgh compressive strain tolerance. Zn-plane ten-
sile straln tolerance of the costing system Is also very
htgh because Such loading _ty lead to sigsentitlon
cracklng In the cermlc with no dtgredatlon to the
attachment strength. Plasm sprayed =irconla-yttrlt
also exhibits creep-llke behavior, presumably as a
result of sliding it the splat _OUndtriSS, end fatigue-
like behavior, presumably aS a result Of stow crack
growth. Experimental evidence Of S1_ CriCk growth (o,"
microcrack ltnk up), creep, and ftttgue are presented
In _IMISi It aS., (lg88).

INITIAL LABORATORYHOO[L D[YELOPH[NT

k prettmlniry life prediction axle1 has been
described (Htller, lgl7; Hiller, Ig$4; Htller et at.,
1984). This n_el esS_aed thst thl Complex state Of
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stress and straSn imposed on the coating system by the
therml l_ds could be expressed tn terms of a stngle
parameter. Thts parameter was libelled Cr -- which was
taken tO o¢ the radii) component of the ther¢_1 expan-
sion mismatch strain. Next it was assumd that toe
time-at-Coloratura effects could be creased in terms
of oxldatlon alone and Chat oxidation could be charac-
terized by the wetght gain at the conclusion of eacn
cyvle *N. Then, weight gain an¢ strain were re,,ted
usin 0 either of two alternate approtcnes. In :_e #Irst
case. depicted In Flg. 3(at. an oxidized coating Is
assumed to behave as tf an ef_ective strain te Is
increasing. At zero weight gain thts effective strain
equals the radial strain ©r. At a critical weight galn
wc *- deftnoO as the weight gain required to fall the
COatlng In a stngle cycle °- the effective strain equals
a failure strain el. Thts lea_s to the expression

,, - 'f- 'r " 'r (it
where the exponent m has bee_ added to allow the curve
in Fig. 3(at to be nonlinear. The alternate assumption
(Miller. 1987) Is tO aSsu_ that the failure strain
degrades fr_n an initial vatue ¢fO to a final value
equal to Or. ThtS case. Illustrated In Ftg. 3(b) leads
to the expression

"( ='- - 'r (2)

Cracks in the ceramic layer may be assu_¢d to grow
according to a _rack growth law of the form

_-_, ktebac (31

,hero da/dN tS the incremental crac_ growth per cycle.
A Is a constant, b and c ere exponents relateO to
the subcrSttcal crack growth exponent, and a Is the
crack length. The model resulting from expression 1 tS

Nf

-¢rVW"_e 5lb- I (4)

|rid the mlternatlve model resulting from expression 2 is

Nf

. *fO_':N_' ¢,01 .b l iS)I I(' ,T,"
N.1

TheSe _A_els ruy also De derived from the familiar
fatigue expression (Hiller ot ll.. 1984; Hanson, 1965),

.,. (STb
t'fY -

Nf

N.I

• I (7)

and Miner's LIw

I10

,here N,N ts the ¢opare-t nu_be_ of cyc'es remalnl,_
attar cycle N and weight gain wH.

Flgure 4 'llustrates _e ftts obtained using
expresslon 4 a_d applylng "t :o t'fe data collected at
"SO0 _C *or three olfferent cycle lengths. Tt ;nould
:e _enttoneo t'at t_e set of parameters given 'n the
f_gure are nOI untq_e. _ur_erous ct_er sets provide
equa"y go_ f_ts. _or e,arple rals_n9 _ne ass;red
",alue cf _ #nile Io,erlng the strain ratio produces
an e_uall2 ;ooo ftt. ;lso. t)e "l_e 0ate can :e _It
equally we'i _slng expressions 4 cr ).

OESI_H-,_JLPABLE LIFE HOD[LING

hhlle :he above co,el represerted _ (trst ste= (t
was no_ 5n a for_ which would be of Jse to an engine
designer. "herefore :Pree ¢o_tractS were (nstttusep
unde" _he HOST program v_Ich were aimed at the develop-
merit of ceslgn-capaole _x_dols.

Pratt & _httney Aircraf= (Ca_ast eT _1., 1_88),
along with suocont,ac¢or SOUthWeSt %sea-oh Institute.
developeO a fatigue-based coating l_e _del whlc_ uses
Miner's _aw (expression 7) along wlth expression 6
rewritten as

" iN)
w_ere A_i is the Inelastic strain range defined by

2_

Ac I • A(_ AT) , Ach • _¢c " _ (g)

The tern, _(_ 6T) In the at_ve expression ts the ther-
mal expansion mismatch strain (which was expressed In
terms of Cr In the previous section), ACh ts the
stratn resulting f_O_ the neatlng transient. _c c Is
tre _tratn resulting from the co_iflg trans_eflt, and
_vst£ Is t_e elastic Strain at ¥teldlng. "he assume_
r_latlonshl_ between oxidation and Straln. analogcus to
expression 2, was

. ,,i (lo,
w_ere oxidation has been expressed i_ terms of the
oxide _ayer thickness 6 rather tha_ the specific
weight gain w. The Inelastic strlln range was calcu-
lated using finite element tec_nlques which employed a
time _eperCent inelastic n_del developed by Halker
(1983). Figure S st_ws an exam;le of the use of this
_odel to calculate cocpressfve _nd tensile strains which
may be com;_'ed wltn experlrectal _ata. In Fig. 6 the
ceramic stress-straln behavior is calculated for, sin-
gle cycle, this _tgure ulspleys the large a_unt of
reversed inelastic strain proPoced by thermal cycling.
Figure ? snows a plot of observed versus calculoted
flues for a wide rlnge of test conditions. As shown In
the figure the model Is accurate to plus or minus a tlc-
tor of 3. which Is constoere: a_equate.

The model developed by the Garrett Turbine [nglne
Co,pony (Strangman it al., 198_) may be expres_}d aS

(11)
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Equation 11 Is expressed schematic&fly In Fig. 8 which
shows that thP n_lel considir_ bo_d COat oxidation, ztr-
conla toughness reauc_Ion, and damage due to molten salt
aepostts, The n_:lel ts driven by the _hermal analysts
of the component of interest for Its antlclpated mls-
slon. The left slde of the _enomlna:or In expression 11
as de_ermined from test data callbratlons is

(,,of-o.ots(r • 2?3) • ci)) "1 • (+_(.0.041(,z;'3) • c2:)':

(12)

_nere HTBREF ts a multtte_perature burner rig experi-
ence factorwhich forces precilctlonsand experiment Into

agreement. The right side of the denominator in expres-
ston 11 ts calculated using a Garrett-devtloped model
(Strang_n. lOB4; Strang_n et el.. 1987). %n practice.
the moael Is driven by thermal analysis of the component
of interest. An example of the application of' the ther-
_l barrier coating llfe _del to laboratory test clare
Is shown in Flg. g. and mission Analysis predictions are
shown in Fig. I0.

The approach used l_ythe General r.lectrlcCo_any
(Hillery et el., lgB7) emplo@ed tIm-dependent, nonlin-
ear finite element m_dellng of the stresses anO strains
present In the thermal barrier coating system, followed
by the correlation of these stresses and strains wtth
test lives. The llfe model developed _Slng this
approach may _ expressed as

6cRZ • 0.4 _¢R • 0.121 hlf"0'456 (13)

where Ac_ ts the shear strain range. AeR is the nor-
eal strain range, and Nf ts the number of cycles to
failure. The above model Is the only one to consider
Failure induced by edges and hence Is the only one to
consider shear strain. [xpre_slon 13 Is lllustr_ted
9raphlcally In Flg. el

CONCLUDINGR£K_RKS

In conclusion, the nwtertals and structural aspects
oF thermal barrier coatings have been SUCCeSSfully inte-
grated under the NASA HOST program to proOuce models
which may now or tn the near _uture be used In design.
Efforts on this program continue at Pratt & Nhltney Alr-
craft where thelreo(lel Is Oelng extendeO to the llfe
prediction of physical vapor deposited thermal barrier
coatings.

Nhlle the HOST program has _een quite successful it
should also be noted that mny new and unanswered ques-
tions have teen raised by this work. For example, the
effects of creep and inelasticity in )Oth the ceramic
and i_nd coat layers are poorly understood, The role of

shearing stresses. IncluOlng the role that shearing at
an edge my play in reducing :he fatigue exponent, Is
not .ell understc_(_. The detailed mechanism )y which
oxidation controls coating systemllfe is not well
undersi_elther. AlsO. It is not Knosn whether the
&ssump(Ic_nof a smooth interface, con_nonlyemployed to
slmpllfy finite elemen: _nalyses can lead to inaccurate
or even mlsleeOtng results. Other areas of uncertainty
involve the in,offence of sin_ertng at htgh temperatures
and he: corrosion at relatively low temperatures.
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ABSTRACT

The HOt Section Technology (HOST) Project, which
was initiated by NASA Lewis Research Center In 1980
and concluded tn 1987. was aimed at leqprovtng Advanced
atrcraft engine hot section durability through better
technical understanding and more accurate design analy-
sts capability. The project was a n_ltidlsctpllnary,
eulttorganizattonal, focused research effort that
involved 21 organizations and 70 research and technol-
ogy activities and generated approximately 250 research
reports. No major hardware was developed. To evalu-
ate whether HOST had a stgnlftcant ln_act on the over-
all alrcrift engine industry tn the development of new
engines, Intcrvlews were conducted wlth 41 partlclpants
tn the project to obtaln their views. The su,msrtzed
results of these inter-views are presente=.

SUMMARY

The NASA-sponsored HOST Project addressed durabil-
Ity needs in advanced aircraft engine ¢ombustors and
turbines by developing improved methoOs for destgn
analysis and life prediction of critical parts. Pro-
viding technology to Improve engine durability should,
in turn, reduce maintenance costs and Improve flight
safety, Because of the nature of challenges In deve-
loping durable structures, the project was muitldlsci-
pltnary and multtorglntzational involving 70 research
and technology acttvitlas. Hhlle most projects result
In a deliverable piece of major hardware, the HOST
Project Instead generated approxleately 250 research
reports that cover results from analytical modeling,
highly controlled small-scale experiments, and numer-
ous computer codas that wire developeO. HOSTAnnual
NorNshops brought to_ether representatives from all
ma]or O,S. gas turbine Nnufacturers and from a slgnlf-
icant number of universities and resmm.rchinstitutes
In an effective forum to discuss and critique recent
research findings. To better under'stand the impact of
the HOST PrOject, Its COSt effectiveness, and benefits
dertvad by organizations having aSide!eaton with tt.
numerous Interviews were conducted with key program

participants, primarily from inOustry and academia, to
determine their viewpoints. Thls paper summarizes
results frm thl interviews.

INTRQOUCTION

The Hot Section Technol_y Pro_ect. which has the
acronym HOST, was initiated by NASA Levis Research Con-
tar In the Fall of Ig80 to address the need for improv-

ing _urabillty of advance= aircraft turbine eni'qes.
Near the conclusion of the project tn the Fail Of i_87
, survey of knowledgeable participants _as conducted
to _ssess the impact an_ value of HOST to Industry, to
academia, and to the government. This paper su_rlzes
the results of the survey.

The HOST Project was unique in several ways. _ts
_ocus on durability was in contrast to other recent
NASA-sponsored pr_rams that focused prlmerlly on per-
formance improvenmnts. Those programs included the
Energy Efficient Engine (EEE), Engine Component
IMprove_nt (eel), and Advanced Turboprop Program
(ATP) Ind involved only a portion of the aircraft
engine industry. The HOST Project Comple_nted such
programs on performance Improvement, which often tend
to aggravate engine hardware durability. _n addition
the 10 _3or research and technology activities initi-
ated under _ST drew on researchers fro_ three work
sectors.-tndustry (including all the large U.S. engine
manufacturers), &cldemla, and government--to_rk
:otntly toward toM.iOn goals,

Another unique feature o£ HOST was Its focused
and integrated research encompassing six engineering
disciplines that addressed critical technology nee0$
In the engine hot sactl_.-the combustor and turbine
CO_P_ents. The dlsclplines are tnstru_ntatlon, com-
bustion, turbine heat transfer',structural analysis,
fatigue and fracture, and surface protection. HOST
acted at a keystone that helped bridge the gap between
these sOft, aCmes diverse groups and provided mutual sup-
port tn helping them work together,

Hhlle the program was Justified for civil elf-
craft needs, _iIitary needs were equally satisfied
t_csus, the san_ design anelysls systems are used by
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mnufacturlrs fn developlng both ctvtl and military
engines.

Ftnaily. no major hardware, such as an engine pro-
totype, was developed, Znstead technical uflderstand-
Ing and designanalysiscapabilitywere improvedand
documentedin approxlmately250 pu)llshedresearch
reportsand in numerouscon_)utercodes thatwere deve-
loped. Technologywas furtheridentifiedand trans-
ferredIn a timelymannerthroughslx me)orannual
workshops,which had a totalattendanceof IS00peo-
ple. Using the researchpresentedIn the reportsand
at the workshops, a move was started to change develop-
mnt of adv&nced engines from the historical expert_n-
tat testingapproacnof "build 'am and bust 'am"to a
more analyticalap;_oachIn which componenthardware
designsare analy:edwlth much mre accurate data )ases
and mathematicalmcxlelsbeforetestingis begun. Test-
ing Is then more for designverlflcationthanfor
experlmentaidevelopment.

A totalof 40 separateactivitieswere competl-
tlvelycontractedvlth aircraftenginemanufacturers
and research Institutes plus 13 grants to universi-
ties. Seventeen maser actlvltles were supported at
the NASALewis ResearchCenter. A total of 21 organi-
zations were represented tn the effort. In addition
to the above mentioned university grants, several .anu-
facturers subcontracted parts of their work to untver-
s$ty researchers, who n_y or Ny not _lso hive had
directNASA HOSTgrants. The 40 contractswere gener-
ally multlyearand often multlphased.This approach
provideda greateropportunityfor Inter_ctlonbetween
various organizations represented than is normally
encountered In governmentshort-term contracted
efforts.

To evaluate and report the Impact of the HOST
Pro_ect.41 Indlvldual$fr_ particlpatlngorganiza-
tionswere interviewed. These interviews, plus soma
results from a 1984 mid-project assessment that also
Involvedindustryand academiaparticipants,are sum-
ma_12edin thlS paperto providewrittentestimonyon
the HOST Pro)act. Further.the findingsmy provide
guidanceIn planningfuture _vernrment-sponsored
researchprograms.

APPROACH

The goal of thls studyyes to determinethe HOST
Project'simpactby obtelnlngviewsfrom a representa-
tivenumberof key participants. Effortswere rmldeto
avoid biases,If any.of the interviewer.(he authors
oi'thls paper includethe NASAnhlnagerof the HOST
Pro_ect, _o conceived and guided the study, and a sup-
port servic,contractor,who conducted the studyand
who had considerablealrbreathlngenglnebackground
prior to this pro_ect. The supportservicecontractor
had no priorknowledgeof the HOST Pro3ectand entered
the study with no biasesregardingHOST. The Pro)act
manager made suggestions as to appropriate HOSTpartlc-
ipatingorganlzutlonsand peopleto contact. The
contractor contacted these orQanlzatlons,madearrange-
mnts for visit,,and conductel interviewsboth with
peoplesuggestedby the pro_ectmanagerand with others
suggested by someof thoseinterviewed,lhr_g_ut
the durationof the interviewpurledsum HOST pmrtlct..
pants called and volunteered unsolicited ¢oeentnts. By
meansof this appr_ch the c_author n_St remitter
with the project provided leads of organizations and/or
personnel who had l_en active tn the overall program,
and the other a.t_r conductdd the interviews and gath-
ered data presented herein without preconceived ideas
on the Impactof HOST.

Approxi_tely gO percentof the Intervlewswere
conductedIn person,wlth the remainderconductedby
t,lephone. A totalof 41 interviewswere conducted
wlth the followingbreakdownby organization: 26 from
engine manufacturers, S from universities, 4 from
researchInstitutions.and 6 from government(NASAand
U.S. Air Force). Parietalinterviewswere conducted
wlth key participantsfrc_ the four major aircraft
enginemanufacturersIn the program,namelyPrattand
Hhltney.GeneralEleCtricCo_anyo AllisonGas Tur)Ine
Divisionof C-eneralMotorsCorporation,and Garrets
Turbine[nglneCompany. The approachwas to first
call the organlzatlonand tell the_ the sub)actto be
discussed. Visits then were madeand thoseInte_vlewed
were given the opportunityto statetheirviewson _th
positive and negative aspects of the pro_ect. Efforts
yore n_Ideto solicitIndlvldualviews,eitherpro or
con. and to avoidquestionsor commentsseekingpraise
for the program. No set questionswere askedIn the
interviews. Instead.Individualswere asked a few gen-
eral questionsand then given the opportunityto
expresswhateveropinionsthey had. Activelistening
was used to encourage discussion and to avoid guiding
answers. If therewere questionsconcerningth, inter-
pr,tatlonof co_w_entsply,n,follow-uptelephon,calls
were _ade for clarification. In severalcases the
interviewer's written sum,_ryof coc_mantswas sent to
the organizations interviewed to determine If the indi-
viduals concurredwith the interviewer'sInterpreta-
tlon. It Is the bellefof the Interviewingauthor
thai the appraisalsgivenwere spontaneousand hon-
est. Thls reportdoes not identifyindividualsor
organizationsother t_an listingthe four enginemanu-
fa¢turers and the government organizationsfrothwhom
commentswere solicited.

FINDINGS

There was unanimousagreement fro. everyone tn2er-
vtewed that the Nest Pro_ect was highlyeffective and
to the mutual benefit of all participants, NASAwas
lauded for the conception, advocacy, and managementof
the program. There was igree_nt that without HOST
manyof the importantresearchprograms,which Ire
needed to advancetechnologyIn t_e hot SeCtionof gas
turbineengines, wouldhave been delayed for yearsor
neverundertaken. Elementsof _OST which wire partleu-
lirlyemphasizedas PelnQbeneficialby i numberof
those Int,rvlewedincluded: (1) three-dlmensional
inelasticstructuralinelysls.(2) therr_ichanlcal
fatiguetesting,(31 constitutivemodeling,(4) corn-
busteratrothermal_deling. iS) turbineheat trans-
fer, and (6) protectivecoatings, Instrumentation
researchwas 41$o emphasizedas belng beneflcll),prl-
eklrilyby the singleorganizationconductingthat
research. Other organizationswere less enthusiastic
becausethe developedinstrumentationwas not comer-
clillyavailableto them. In i SOmewhatslmllarman-
nor computercodes dew,lopedin the _ST Pro_ectwere
pen,rallyrmoreusefulto the organlzatlondeveloping
the codes than to others, particularly for the lonQer.
more complex codes.

Two arias, that were not research in nature,
received near unanl_us approveS. The firstwas the
annualworkshopsw_erecurrentres,archresults were
present,O and dtsc,ssed, and the secondwas the
ImprovedIndustry-university-NASArelationships.

Discussionof commentsreceived on the above men-
tionedareas plusother )eneflt$or counts for
Improven_Intfollow.
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Impact On Technical Understin_tng and Predictive

Three-dimensional inelastic _tructural analysts.._
Znetasttc or nonlinear structural analyses have 11_,
tied. but very Important, applications. These analyses
are used primari17 for short-life cycllc applications
where it may be acceptable to exceed the elastic ltmtt
for a few cycles. For long-life applications, however,
nardware generally sllo_id be dlSlgned for operation
wtthin the elasttc range. But even for long-life
applications based on elastic destgn, there are oCCao
slons when three-dimensional (3-D) inelastic analysis
may be needed. One occaslon is when a shorter than
predicted 11re is encountered. In this case an inelas-
tic an|lysts can often pinpoint the problem area. %n
addition a 3-D Inelastic an&lysls can be useful for
determining stress redistribution when loca| yieldtng
occurs. Thus for such special cases, 3-9 inelastic
analysis can be a very Important design tool.

True three-dimensional analytical methods have
only beconm available to engine design analysts within
the last few years--after the HOSTProject was initi-
ated. Several approaches to 3-D inelastic analysts
were pursued tn the pro_ect. The best approach may
not be known for some time. Currently 3-0 inelastic
design analyses are cumbersome, c_pllcated, and
require a great deal of c_=ter time. Consequently
there Is some reluctance on the part of analysts to
use 3-0 inelastic analysis unless absolutely neces-
sary. Hith time. however, as design analysts become
more comfortable vlth thls analysis approach, it
should be used more extensively. Its use Is both for
problems thai occur early during engine devel_ment
and later for pinpointing the cause and cure for field
problems, when Iocil yielding Is suspected to be <_cur-
ring. As a result. 3-D Inetastic structural analysis
has been reported by participants tO be a significant
advancement that resulted from HOST.

_h@r_,,e;htnt(@l fatlaue testln9. In th, past,
mechanical propertie_f_{al'11c _terlals have been
determined experimentally using simpler mchanical and
ther_l load varlatlons than the complex variations
experienced in mny engine applications. The need to
improve engine durablllty requires evaluation of i_te-
rial behavior and llfe under _re realistic conditions.

In the HOST program, contracts, grants, and NASA
In-h_se research were conducted on evaluatlng material
behavior, including _Oth crack prop((eaton and _terlal
deformation, as a function of alms, under cyclic blew-
tat moth,niche loads, and In numerous atmospheric and
cyclic temperature environments. Cyclic mechanical
l_dtngs have included hlgh frequency loads superlm-
I_sed on lower frequency loads,

The key objective of' this r, search was tO gain a
better understanding of how and why cracks develop in
different types of materials exPosed to cyclic tempera-
ture and mechanical loading conditions. These data
can be the bests of engineering life predictions meth-
ods tha_ can be applied to the severe conditions In
the engine hot section. The deformation testing por-
tlon of the research supports the development Of vlsco-
plastic constitutive nK_lels for structural analysis.

These mechanical property data are obtained under
_re realistic conditions and with grea_er precision
than were heretofore possible, According to s_ of
those Interviewed, the data base of thermomechenical
material properties plus experimental data fr_ other
phases Of HOST prQ_r_n mly be one of thi_ most useful
aspects of the HOST Pro)act.

Constitutive modellna. Constitutive modeilng Is
an ana!ytlcal approach for predicting stresses and
strains es a function of tlme under c_plex cyclic
blaxial mechanical loading and temperature varlatlons.
The n_xlellng ts based on experimental thermomechanlcal
deformation data. Prior to the HOST Pro)oct research
on constitutive _deling was done primarily at untver.
sttles, and not at aircraft engine manufacturers. HOST
provided a team approach of Industry, universities.
and NASA working together to develop a capability that
dld not exist previously. The aerospace Industry now
has the capability to use nonllnear constitutive models
of both Isotroplc end anlsotroplc _talllc meterlals
In inelastic structural analysls. This research has
provided a base to further extend constitutive model-
tng remora complex materials such as metal matrices.
AS a result of the HOST Pro)oct NASALewis Research
Center has bec_e_ an Important center, worldwide, for
constitutive _dtltng. HOST has not only introduced
constitutive awxlellngtO englne companies, It has
resulted In a closer wor_ing relationship between them
end academia.

_l_bustpr cerothermal _od@llna. Research had been
conducted prior to ttosT on combustor modeltng aloud at
predicting dilutlon pet airflow mixing wtth combustion
gases, lhose m)deltng studies _re base_ on bulk aver-
age te_ereture _easureme_ts from _et mlxing experi-
ments. Such research had greatly almtntshe_ by the
time of HOST Inltiatlon, In the HOST Pro)oct all four
engine manufacturing companies were awarded contracts
to assess the state of the art In co_bustor ear(ther-
mal n_xleling, As a result of this assessment and addi-
tional research with _n)nreactlng flo_s, aerother_l
modeling Is much better understood and is being used
throughout the aerospace Industry. lhls is not to
Say, however, that all problems have been solved. The
accurate prediction o_ coebustor mar(thermal perform-
ance along wlth predictlo_ of wall ten_erature levels
and gradltnt$ wlll require Further Improvement In
nu_erlcal schemes wlth Input from experimental, fully-
specified reacting flow data that is not yet availa-
ble. HOST was terminated before reacting gas fl_ |_d
fuel swirl characterization data c(_ld be obtalnsd.
He,ever, analytical procedures have l_roved 1o the
point that one organlzat10n Indlceted the use of three-
dl_ensional fluid flow analysis in the design of Com-
busters that required a minimum of testing.

There was an almost unanimous opinion of those
COmmenting on c_bustor modeling that the HOSTprogram
was long overdue, and it spearheaded the n_ve toward
an an_lytlc capability In combustor _n_e,'standlng and
design analysts.

_ heat transit. The _S?-sponsored activi-
ties In to.lee heat transfer encompassed nearly all
aspects of internal and external heat transfer in tur-
nlne alrfolls, 5(Mne of the research contracts and
grants in the overall program Included external air-
fOtl heat transfer wlt_ end witi_t film cooling,
implngen_nt cooling, inter&orlon of rotor and seater
In a large low speed turblne, corlolls end bugyancy
effects on heat transfer in co(lent passages, heat
transfer wlth flow across a _oving ilrfoll tip, and
end wall boundary layer studies. As a result of this
research correlations have been developed that have
resulted In significant improvement In accuracy of cal-
culated blade metal temperatures, Also quellty ewperl-
mental data sets. along with goo_ _Cumtntatlon, were
developed thlt will find widespreld use by heat
transflr in&lysts In thl future. It 15 flow possible
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as a result of HOSTto better control Io¢ai tempera-
tures, which In turn, result In better control of
blade llfe and surface oxidation.

Protectfve co_tfn_. Protective coatings Includ,s
both thersalbarriercoatlngs,to reduceheat trans-
fer, and oxidationresistantcoatings. Progresshas
omen _de on improvingcoatingsand a betterunder-
standingof Interactionsbetweencoating;and struc-
turalbasematerlals. In addition,ther_omechanlcal
fatiguetestinghas been conductedon materialshaving
oxidationand thermalbarriercoatings. Life predlc-
tionmod,ls are beingdeveloped. A side benefitof
this research was development of an _wcreness that
Oesigners and materials rmsearch personnel must work
more closely together tn tmprovlng life preotctton
models.

_Puter ¢od_esfr_ the HO_TPrQ_ect.The output
from _T was tecnnlcalinformationIn the formof
research reports, experimental data sets, and c_,puter
codes, k requirement tn the development ef compdter
codes was InstaliatI_ and _eratlon of the co_es on
one or more of the followingNASALevis Research
Center c(mputers: Cray X-MPI2-4 wlth COSoperating
system. A_ahl 5840 with VHoperattng system, or
VAX 11-750. Th$s requirement was aimed at m_king the
codesmoregenerallyavallableand usable. In some
casesthe originalcode developmentwas on e more
advanced computer t_Jei than the one at NASALewis.
Hodtflcation to _ke the code run at NASALewis _uld
_ave the advantage of maklng tt workable on a wider
range of computers.

In practice the above described concept has not
worked as well as hoped. In somecases codesdeve-
loped by one organtzstion have been readily used by
other organizations. These have generally been the
simpler codes. In other cases, however, the COdaS
from HOSThave b,en of only limlted benefit to the
nofldeveleper of the code. For the more complicated
codes, it has been the experience of NASApersonnel
that It takes from 3 to 12 n_nths to debugand becc_ne
familiar vtth codes supplted by HOSTcontractors ffor
the NASAcomputers. A stmllar period of time ts
expected to be neededby other users of the code even
thou9h considerable debuggini was accemplished at
HA_. A shortcoming with these codes Is that support
service cannotbe providedby the developeror NASA in
themanneravailablefor ¢on_rclL1 cedes.

A c_..entmade by one of thus, Int,rvlewedmlght
solvethlsproble_of ccmnputerCOd, support. Xn euturo
programsfunding should be allo(ated for a C(xamrclal
softwar, companyto adequately debug and document the
more complicated coeputer codes, further, by permit-
ting the software companytomrket the code they vc_ld
be in a position ce provide a centlnulng support end
updatingfunction. In this manner codes developed
could be madeavailableand usableby interestedpar-
tiesover an e_tended period of time.

Host of those Interviewed stated that without
code support they could _ke only ltmtted use of codes
from HOSTthat they the)selves did not develop. _l
organizations dtd state, however, that they expected
to rexrite_rtiens of seemof the codesof Inter,st.
Another interviewer stated that although a code e4y
not be directly usable as developed by another Orgent-
zatlOnoIt can be rewrittenIn abo_t _e*half the time
originally required to write the cede. Xt also ls POS-
sible te capttiltze on problems that _y havebeen
experlencedby the ertlinal pr_rex_r so that the
rewrltte_ cc_:fewlll be superior tO the orlglnal,
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l_roved englnedes!oncapabI11t_.Both co_=ter
codes ]nd experimental dat_ bases developed under the
HOSTPrelecthave alreadybeenof value In engine
design. The impact Is expected to be felt for years
to come. _hlle thereare certainreservationsrelat-
ing to the extentof code development,the overall
technologygeneratedby HOST will centlnueto be use-
fui throughoutthe aircraftengineindustry. It Is
clear that the value of researcn that has developed
both computercodes and experimentaldata bases has
beengreatest to these conductingthe research, but
otherorganizations are certainlymaking use of the
research results to varying degrees.

r_si9n analysiscapaH1itlos have been impreved
in the combustorand turbine. AS a resultof these
capabilities less experimentation ts required in devel-
opn_ntof the comp_ents. It Is expectedthat relia-
bilitywlll be improvedbecause ef l_rovements In the
predictionof temperaturesand stressesfrom heat
transfer, fluid flay, and inelastic stress analyses.
At thistlme therehas not been enoughhistorygoner-
ateo to determine if HOSThas resulted In reduced n_In-
tenants costs, one of the goals of the project. But
it is reasonable to expectthat tf durabilltyand rell-
abilityare improved, maintenancecostswill be
reeuced.

Commentsreceived rrom a number of those Inter-
viewed Indicated that data bases generated fr_n experl-
_nts In fluidflow In the c_ustor and turbine,
turbine heat transfer, and thermo_echanlcal fatigue
w111be at least as Importantto analysts as the co_-
purer codes generated from HOSTcontracts.As mn-
signedearlierin thls paper,It will probablybe some
tlme before designersare cc_i'ertablewith, and wilt
routinely use. some of the advanced computer codes
that have been developed in HOST.

Reducedenotne develonment c_sts. Reduction in
engine development costswas not one of the orlginal
goals of the HOSTPro)act, but tt has becomea POssl-
blo significantside benefit. The c(waputir codes and
data bases developed in HOSThave improved design capa-
bilities to the extent that less development testing
is expected for new engines. H_iver. reduced expert-
_ntal test casts are counterbalanced by Increased
computer costs In the destln analyslsprocess, k con+-
pietely clear ptctur, has not emergedIn all cases.
Part of this lack of clarityresults from severalfaC-
tors: (I)HOSThas playeda slgnlflcantpart in
improving technology In engine hot sections, bu_ tt Is
not a sole player. Other in-house.Independent
Researchand Development(IN&)),and governmentspon-
soredprogralsere also resultingIn Improvedtechnol-
oily. It Isgenerallydifficult to quantltatively
definethe contributionsof _IT to overallimprove-
ments In technology;(21 [aCh new onlinedevelopment
programutilizes advancesIn technologyc_ared to
the lastengine developed,o_ten wtth Increased cons-
pie,Styand/ordesignsto higherlimitsof te_era-
ture.pressure,stress,etc. Thls "movingtarget"
makesComparisonsof developmentcosts wlth previous
enginesdifficult:(31 _uter capabilitiesare con.
stonily1_rovtng and coststo accompllsh computing
taSkS ere decreasing.

Conslder&tlonof al1 thOSefactorsmakes It diffi-
cult to draw definitive conclusions aS to whether, er
hey much, HOSThas actually reduced Ingtne d,v,lopm,nt
COSTS. Howtvlr, tht following Irl thformed opln1OnS
that were present,d by someof t_ose Interviewed:



1. Computing methods that have been developed
under HOST have resulted In annual savings of several
mtlllons Of dollars In reduced computer ttm for the
required nu_er of ¢o_uter runs tn engine development
programs,

2. A HOST-developed computer code that transforms
te_eratures from the output of course-grid finite ele-
ment heat transfeT analyses to the Input of fine-grid
Ptntte element structural analyses has reduced engi-
neering labor by 26 man-years per year for one company.

3. Zncreased computer costs uslng three-
dtmnstonal fluid flow and Inelastic stress analyses
that result tn_ore refined _eslgns are Just about hal-
laced by reduced experimental testtng costs for these
designs at the present time. gut the analytical costs
are dropping raptdly, so cost savings are expected
soon,

4. It Is estimated that if developmnt of new
engines had to use 1975 vintage design and testing
technology, the cost of ingles development would be
&pproxt_ttely three times as htgh aS presently exper-
ienced when using ,dvanced technology In which HOST
has been a stgntftc|nt contributor, The overall sav-
tngs are measured tn btlltons of dollars.

5. It Is reasonable to expect that tmproved pre-
dlctlve capabtllty in engine design can reduce testing
requirements. Zf thts tmprovt_nt tin eliminate Just
one design or test-build Iterat$on during a development
or demonstrator program, savlngs of $250°000 or more
can be relsonably clatNd. Noreover. the cost _avlngs
by eliminating one servlce-reveal,¢ deficiency _ould
be an order of mgnttude greater.

From the above cements ttts obvious thet tn so_e
cases hard numbers can be generated for cost sevtngs
res_Ittng from HOST. Zn other Cites savings ¢i_ be
tn_erred but not necessarily ftrlly documented. How-
ever, englne manufacturlng companypersonnel con_onts
which relate to engine develol_nt cost reductions Ind
savings resulting from reduclng service-revealed dePl-
ctenctes provlde reasonable certilnty that projected
savings arising from HOST-generated technology viii be
orders of magnitude greater than the cost of the
prelect Itself.

Imp_At_n Technology Tramsfer
pproxlmttely 2S0 technical research reports hive

been written in the HOST Pro3ect ind numrous computer
codes have been generated, In addltton six annual
mmJor Workshops wire held as well as a number oP
nlnl-workshops devoted tO a single area of research.
because of the large attendance of 250 to 300at each
annual workshop, which had both fOrlkt)presentations
end Infornml discussions, there was I mlxlmu_ opportu-
nity for Information exchange and techmology trent-.
Per. Since representatives frail1 large U,S. engine
manufacturers, at well is _lny from icademti, research
InstituteS, and government, attended these workshops,
there was probably i better transfer of technology
than fro_ any other NASA-sponsored etrcraft engine
research or development pro_ect.

There was a unanimous opinion of those theory|reid
that the two-day workshops were highly successful. NOt
only _ere the presentations useful, but the |nforml
discussiOnS that occurred during breaks t, the presen-
tations and during the evening after the presentations
were deemed extreamly beneficial, Some comments =ede
by those Interviewed Include:

I. "There hasn't been another forum in the U,S.
to compare to the HOSTAnnual Horkshops that has
brought together the right mtx of people to discuss
research of commonInterest."

2. "Horkshopt provide an annual update in the
thinking and plinntng by both HASA end Industry. Thls
once-a-year contact betwIn Industry and academia tS
of great value."

3. "Thl cisuai conversations wlth other partici-
pants that take place at the coffee breaks ire of such
significant benefit that NASA should consider Increas-
ing the numb,r of coffee br,aks and providing more
tnformal get-togethers."

4. "HOST workshocs have provided an excellent
forum for probing discussions end the 'give and take"
necessary to generate useful knowledge and understand-
ing for all pirttclpants of the advantages and disad-
vantages of various approaches. These discussions
hive ilded companies tO evaluite the dSrecttons of
their own research,"

S. "The workshops are useful tn providing and
developing relationships wlth peers from other organi-
zationS, Including NASA."

6. "The HOST workshops are extremly effective
because the technical c(_nunfty is better represented
thin It society m,etlngs."

From the above sa_pllng of cements it It evident
thit one OF thi big strengths of the _OST Pro_ect =is
not Only the research and technology generated, but
the timely dtsse_lnatlon of thlS Information through
formal presentations and tnfor_l discussions in the
_orkthops,

lmoact o_ _ndustrv-Untvnrsl ty-Government. P_rtne!_t.hJ_

Imoroved relatlonshlot. There was a consensus
that the HOST pro_ect, lsrgely through the .orkthops.
substantially improved relitlonshtps of personnel tn
Industry, academia, and government. The program ulto
provided opportunities for university _rofessors tO
work dlrectly wlth engine manufacturers. Thls arrange-
_nt was a double barrelled benefit; the compenies were
able to cipltallze on present and provers university
research, and the professors developed a better under-
standlng Of the environment and problems Of engine
m_nufacturers which they could pass on to their
students,

O_e university professor stated t_at he. along
wlth others, hid held discussions for a number Of
years on how to get better Interaction between indus-
try and universities. He then slid, "HOST dtd tt!"
As & result, he fel]s that complnle$ Ind unlverslttes
_re mow working together better.

Although most of those Interviewed e_phastzed the
laproved relations between industry and universities,
severer also c_nted th=t the HOST program 1_proved
their relationship xtth NASA, In addition several were
very co_ple_lntery about the I_SA Organtzitton and man-
age_nt of the _OST progrl_. They felt that the pro-
grim was well conceived, and the NASA_nlgers were
both knowledgllbte end helpful in overcoming probllas
that developed during the course of |nvesttgitlons,

[_.th__a_. Essentially ever_ne
Intervluwed shoed enthu_letm for t_e _ST Pro_ect.
but the degree of enthusiasm dtfforld both by
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organizationand Indlvldual.Amongthe largerorgmnl-
zatlonsthereappearedto be a generalcorrelation
Uetwmenenthusiasmand the degreeof partlclpatlon
(numberof contracts)in HOST. There IS some ladlca-
tlonthat the organizationalenthusiasmalso may be
slgnlflcantlyinfluencedby the degreeof enthusiasm
of the HOST coordlnatorfor thator(anlzatlon. It has
been Indlcatadby NASA personnelthat the same organl-
zationalenthusiasmwas evldentprior to awardof con-
tracts. It seems thaienthusiasmby a leaderIs
contagious.

It appearedthai those Interviewedfro= unlversl-
ties.on the mverage0showed& greaterdegreeof enthu-
slasmthan thosefrom industry,possiblybecause
universitypersonnellessoften have the opportunity
to be involvedwlth • projectof the mmgnltudeof HOST.
Otherreasonsfor theirenthuslamwereexpressedIn
theirInterviews. For soce it was the flrstopportu-
nity for the resultsof theirrasmarchtO be used
dlrectlybyan industrialconcern. To find thatwhat
you ar, dolng is usefulto a Imrgeorganization¢er-
talnlycan be exhilarating.HOST alsopermittedso_
researchersfrom universitiesto departsomewhatfrom
theirmore academicactlvltiesand work on realprob-
lessrelevantto Industrlmlconcerns. ?hls typeof
work and interactionwithenginemanufacturershas the
addedbenefitof bringing"the reelworld" intothe
classroomto gulde studentsin the directionsof prob-
lems presentl)facingal leastone segmentof the
Industrialworld. AnotherbenefitIncludedguiding
som, graduate students towards employment tn the aCr-
craft engine industry becauseof thts exposure.

A Factor Influencing the enthusl&smof university
professors has been the workshops. At these annual
meetings there his been opportunity for interaction
with appropriatequalityend quantityof industrial
personnel. For s0¢¢ thlshas been a new experlencr.
Previousrelationswlth industrialpersonnelhad been
on a more limitedbasisto * few peopletheyhive met
at societymeetings,or to a few engqneersIn an l_dus-
try wher, they hzYe had a contract. G,nerally,they
neverhave had the opportunityto Intermctwlt_ so
manyqualitypeople from Industryhavinginterestssim-
Ilar to theirs.

ConsideratiOnS for r,tur! Contract EfforT_
Although most commentsreceived te the Interviews

were favorable on how the HOgTPro)ect was conducted
and on the resultsobtained,somecoat,ants received
could possibly provide someircrovements relattva to
HOSTIn future contract efforts.

An often expressed commentfrom those Interviewed
concerned the earlier-thin-expected termination of the
HOSTPro_ect because of K_SAbudgetary considerations.
BecauseOf thtS urly termlnatlon someprca@ramswere
not able to be co(Ipleted.The main concernsewpressed
war, (I) experlmantilverificationof computercodes
IS incomplete,and (2) reactionkineticswas not inv,s-
tlgmtedIn the co,busteraerothermm!modeilngprogrms
is originally @fanned. At thts time It is uncertain
when this addedresearchcan be colpleted. It my take
y4lre before funds Ire lVatllbll tO conduct the

research. It wOUld ¢lrtlinly )l beneficial in future
programming efforts to try to avoid early termination
OF successful pro_ects.

ASmntioned earlier, ¢on¢ern was expressed by
someof thl nonparticipants in tnstrumntitlOn
research. This reseu¢h was deemed to be of little
value to those e_cept for the developer because the
instrumentsdevelopedwere not availablefor purchase.
Consideration should be given tn program planning to
evaluate the probable benefits to Ill participants or

to encourage third-party mnufacturtng of such develop-
In_ technology.

The followingcon_nts expressedby only one or
two individualssay not b, a consensusof those inter-
viewed,but many have _rlt and r,quir,consideration
for futurecontract,fforts:

1. Rather than fund SOmany research areas as $n
HOST,fewer areas should be n_re generously funded.

2. HOST was worthwhile,but frc_ the company
standpointthe benefitwouldhave been greaterwlth a
_ardware-orlentedprogramthatwould have resultedin
an advancedenginethat couldbe _arkete=. (It should
be pointedout that thls was a mlnorlt_con_ent. Xany
more of those interviewedstressedthe valueof a
research-oriented program.)

3. Hore funds ShOuldhave been made availableIn
HOSTfor technologytransferfro the organization
doing the r,se_rchto otherorganizations.AS stated
earlierIn this paper,fundingof an organizationto
pr_vldeSupportand updatingof c_puter programs
would be extremely beneficial.

4. S_11 org&nlzatlonscouldnot participateto
any great exlent in HOST unlesstheyteamedwith a
largerOrganization.

5. Some contractswere awar¢edbasedupon asSi-
sted costsratherthanon the organlzmtiOn'Scapiblli-
ties and expectationsof producingall that was
pro_Isedin the proposal.

6. BulldingNASA In-house facllltleswee overdone.
partlcularlyfor thermK_nechanlcalfatiguetesting.

Althoughnot all of the mooreco_4_nts_y be of
a posltlvenature,theremay be mrit to many.and all
shouldbe givenconsld,ratlon.

SUMMARYOF FINDINGS

From Intervlews ¢ondueteOwith 41 industry, uni-
versity, and governmentpirsonnelsolicitingtheir
views on the impact of HOSI the ma_or findings can be
su_arizad as follows:

1. There wee 100 percent agreement that the H_T
Pro_ect was hlg_ly successful and worthwhile.

2. The _ST approachfor expendingresearchfunds
was very effective. Tn, =)phaslson researchrather
than hardwaredevelopn_ntw_s viewedby severalinter-
viewedas the role NASA researchcentersshouldtmke
to providelong lastingbenefitsto th, aircraftindus-
try. Hivingany organizitlors_orklngto a cow,non
goal an_ =any of the organlzatlonshavingsimilarpro-
gr_s led to "crossfertilization"that improvedthe
researchfor each organization.

3. HOST yl,lded=dvantage_over traditional
researchand technologycontr¢¢tedeffortsby pr'ovid-
ing a focus and accelerationto probl,eSinvolvingthe
entirehot sectiond =ngln,s. _n ,ddltlonHOST
resulted tna working relationship between Industry,
lCadlm¶i, and government not previously llplriencld.

4. The annual _rkshop_ were e mm]or contributor
to the success of HOST. Critiques of the results pre-
sented were an mid In developing l_proved progr_m$.
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The Information was distributed to &11 concerned tna
more timly IwRnner thai _ watttng untt1 reports were c_-
plated and distributed. The large gatherings of htghiy
qualified research personnel fr_ail ma_or organiza-
tions having a Commongoal of l_oroved engine reliabil-
Ity provided atllly interchange of information,

5. the cont)utmr codes and data bases that were
generated will be useful to analysts for years to come.
However, s_ne of the larger c(_les may not be used by
organizations whlch did not develop then because of
lack of code support. These comouter codes could have
been made more useful by brlnglng in con_nerctal soft-
ware companies to provide code support, to keep the
codes updated, and to market them for teneral ,se.

6. NASA was laudeO for program concept and man-
agement. The progra, managers were deemed to be tech-
nically competent end helpful in overcoming problems
that developed tn vartous contracts.

7. Hhtle ross of the comments on the HOSTPro_ect
were favorable, ¢omn_nts critical Of the project also
may have rerlt and should be given conslderatlon In
future govart_ent sponsored projects.

a. A side beneftt of _ST has been the potential
for significantly reducing the cos_ of engine develop-
nent using advanced destga techniques developed by
HoSt-sponsored research.

9. The cost reductions in engine development
plus savings from reducing service-revealed deficien-
cies (a result of better predtctlvm capability In
engine design) are _ro_ected to be orders of _gnltude
greater than the cost of the HOSTPro_ect.

10. At the present time there are not definitive
answers to the _uestlon of whether the goals of the
_ST Pro_ect of improved engine raltablllt_ and reduced
maintenance cOSLS have benn mt because engines have
_ot yet been produced that utilize thl lfllproved tech-
nology resullin9 from HOST. There is reason to
belteve, however, that the supertgr design techniques
coming From HOST research can result in better engine
reliability. Improved Flight safety, and ultimately
reduced maintenance costs.

G)NCLUDING RE_RKS

The HOST Pro_ect activities inco_sSSed resear*
chers from Industry, academia, and governnwnt, )er-
haps due to the Size and visibility as well as the

difficult technlcal challenges of the project, high-
caliber peoplm were Involved. including leading
experts in each discipline. Thts quality of the
researchers was alwmys apparent in the technology
developed.

The approach to addressing durability challenges
can include one or _ore of the followlnq: hlgher-
temperature mterlals, more effec_Ivm cocllng tmch-
nlques, advanced structuTal design concepts, and
improved design analysis tools. Because of the poten-
tial gains and perhaps because of the timely growth In
computer hardware and availability, the HOST Pro)ect*s
aDproach was on Improved dest_ ana)ysls tools. To
better understand the physics tnvolved In the develop-
•ent of these design enalysls too1$ for combustors and
turbines, hlgh-quallty experiments were often con-
ducted, early pro_ect plans included significant test-
ins in the new Hlgh Pressure Facility at NASA tewls
Restmrch Center. However, technical problees that llm-
ited full testln1 ¢mpablllty. limited operating funds,
and & mvm toward less component testing at Lewis led
to n_thballing of the faclilty early In Ig86. ThlS
had a mlgnlflcant impact on HOST, First, In greatly
reduclnl n_deI/cods verification testing and, second,
in reducing In_diate use of HOSt-developed Instrumen-
teflon for hot section resomrch.

Nest research results From HOST were Generic.

They were applied to both large and small turbine
engines. In addition certain codes were used o_tsid,
of the HOST Pro)act For durability improvements In the
Space Shuttle Mmtn Engine as well as design analysis
of an advanced co_unicatlons technology sa_e111te.
There are, however, unique durability challenges tn
sm_ll turbine engines which could not be addressed In
HOST because of funding constraints. These challenges
include higher turbine blade attachmnt stresses.
faster thermal transients, and different materlats.

Such Challenges In t_ay's small engines are believed
tO be the chmllenges in tomorrow's large engines.

Experience his shown that. tn general, devel(_p-
sent of new design analysis tools ts followed by slow
user acceptance. This slow acceptance has appeared In
some aspects of t_e HOST Pro_ect. Sometimes accept-
ante time Is reduced during a crlsls, such is
in-service engine problees.

Hhlle a return on the investment tn HOST has
already been remltzed. _ddltlonal return lies in the
futurl as analysts use HOST codes r_re. end as such
codes are used aS the bails for developing new codes
for design Inalys_s applicable to high-temperature com-
posite and structural ceramic materials. Technology
develop_nt for these r_terlals was outslde the scope
of the HOST Project.
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